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PREFACE 


Non-destructive  inspection  (NDI)  is  a rapidly  growing  interdisciplinary  activity 
representing  one  of  the  major  technical  facets  of  quality  and  its  assurance.  Being  an  activity 
derived  from  physics  research,  it  is  not  surprising  that  it  developed  along  the  years  in  a way 
not  necessarily  related  to  the  needs  of  design  engineers.  Because  the  existence  of  poor 
communications  and  limited  rate  of  integration  among  materials  technologists,  design 
engineers  and  NDI  experts  was  realized  by  AGARD,  the  SMP  took  the  initiative  of 
organizing  a Specialists’  Meeting  in  Voss.  Over  one  hundred  persons  from  13  NATO 
countries  participated  in  the  Voss  Meeting,  where  20  outstanding  papers  were  given.  They 
gave  rise  to  deep  discussions  which  made  sufficiently  clear  the  state  of  the  art  of  NDI 
methods  for  materials  of  interest  to  the  aerospace  industry,  the  weak  points  of  some  methods 
used  at  present,  and  the  trends  of  application  of  known  NDI  methods;  a few  new  methods 
came  into  the  picture. 

As  it  appears  from  a study  of  the  papers,  the  situation  does  not  seem  satisfactory  for 
the  NDI  methods  in  the  field  of  composite  materials  where  much  work  remains  to  be  done. 
Furthermore,  NDI  of  ceramic  materials  envisaged  for  turbine  engine  hot  components  deserves 
special  attention  and  requires  the  setting  up  of  new  methods.  In  the  area  of  metallic  materials, 
the  trend  is  aimed  at  automatic  inspection,  development  of  smart  sensors  and  in-process 
inspection.  Last  but  not  least,  a few  new  methods  which  are  now  under  consideration  (low- 
angle  neutron  scattering,  digitalized  infrared  thermography,  tomography,  acoustical  emission, 
multifrequency  eddy  currents,  very-high-frequency  ultrasonic  beam  scattering)  deserve  appro- 
priate consideration. 

There  are  still  areas  where  a better  understanding  between  NDI  specialists,  aerospace 
designers  and  materials  producers  needs  to  be  established.  To  deal  with  certain  human 
problems,  the  expert  knowledge  of  the  psychologist  may  also  be  required.  These  areas  may  be 
outlined  as  follows: 

- NDI  specialists  need  to  identify  the  gaps  in  the  spectrum  of  available  techniques,  to 
derive  methods  for  measuring  the  quality  of  bonds  and  the  integrity  of  thick  laminates 
and,  also  to  reduce  the  cost  of  NDI  of  composites. 

— Designers  need  to  be  able  to  tell  inspectors  where  to  look  and  provide  better 

accessibility  into  airframe  structures.  They  should  also  re-examine  the  possibility  of 
designing  in  brittle  materials. 

- Materials  producers  need  to  define  acceptance  standards  for  both  metallic  and  non- 
metallic  materials,  including  the  characterization  of  resins. 

- Psychologists  should  determine  the  qualities  which  make  a good  inspector,  dealing 
also  with  the  problem  of  boredom  arising  from  automation. 


C.P.GALOTTO 

Chairman 
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NDI  TECHNIQUES  IN  AEROSPACE 
by 

Dott.  Ing.  Enrico  Bolis  (Ret.) 
Aeritalia 
Torino,  Italy 


1.  The  nain  objeotiva  of  -this  paper  is  to  present  realistically  how  the  state  of  the  art  in  the  domain  of 
non  destructive  inspection  technology  contributes  fundamentally  to  the  safety  and  reliability  of  aero- 
spaoe  etruotures  and  components. 

The  technological  progress  to  be  consistently  utilized  with  cost-effectiveness  needs  criticism  and  pro 
blem  oriented  management  action. 

In  this  token,  we  will  present  mainly  qualitative  considerations,  even  if  quantitative  judgements  based 
on  n.d.i.  technology  are  to  be  stressed. 

A liaison  with  quality  assurance  techniques  and  procedures  will  also  be  advocated, 

2.  Structures  and  Materials  Panels  expressed  his  interest  in  n.d.i.  methods  about  10  years  ago.  A survey 
was  initiated  with  the  scope  to  gather  first  hand  information  on  the  practical  application  of  n.d.i. 
by  airlines,  armed  forces  and  industries.  An  AQARDograph  has  bean  produced  reporting  this  Survey. 

The  ad  hoc  Working  Oroup  formed  within  the  Panel  subsequently  decided  that  the  survey  approach  could 
not  possibly  be  exhaustive  towards  proper  consideration  of  the  problem  facing  such  an  important  aspect 
of  aerospace  technology. 

A more  systematic  and  problem  oriented  approach  was  decided  and  a more  ambitious  work  was  thoroughly 
planned. 

The  work,  initially  designed  as  a handbook,  took  the  title  of  "NDI  Practices"  and  was  published  as 
AGAKDgraph  n‘  201  in  dec.  73.  It  comprises  a series  of  monographies  giving  the  physical  background  of 
each  technique  and  illustrating  with  some  details  the  equipment  and  the  instrumentation  involved.  With 
the  scope  of  giving  a sort  of  practical  guide,  important  topics  such  as  personnel  qualification  and 
applicable  standards  are  added.  Practical  examples  of  application  in  real  environments  are  given.  The 
AOAHDograph  has  been  the  result  of  fully  qualified  and  authoritative  contribution  from  NATO  Countries 
Speoialists. 

In  presenting  the  different  techniques  and  practices,  as  far  as  possible  a distinction  was  made  between 
methods  to  be  considered  of  general  application  both  at  shop  and  at  field  level,  and  more  advanced  me- 
thods, including  even  those  at  a development  phase. 

The  AOAHDograph  was  released  for  publication  with  the  remark  that  there  was  some  lack  of  omogeinity  bet 
ween  different  parts,  but  it  was  hoped  that  it  could  form  a useful  background  and  guide  for  all  techni- 
cians involved  in  n.d.i.  practice. 

As  far  as  management  is  concerned,  it  was  considered  to  be  an  important  feature  of  this  AQARDograph,  to 
stress  the  principle  that  for  every  inspection  a clear  term  of  reference  was  needed,  i.e.  what  to 
look  for  in  every  Instance,  taking  full  advantage  of  Laboratory  tests  euid  full  seals  fatigue  experimen 
tation  during  development  phase.  It  was  also  clearly  defined  the  concept  that  the  definition  of  the 
inspection  leading  to  an  evaluation  of  the  results  in  terms  of  safety  and  reliability  is  necessarily 
calling  the  cooperation  between  n.d.i.  specialists  with  both  engineering  and  laboratory  specialists  ful 
ly  knowledgeable  and  experienced  with  the  part  to  be  inspected  as  far  as  material  and  configuration  are 
ooncemed. 

As  a matter  of  fact  this  principle  is  now  generally  accepted  and  it  is  significant  that  now  in  litera- 
ture the  most  used  term  referred  to  is  NON  DESTRUCTIVE  EVALUATION. 

It  is  clear  that  the  term  evaluation  implies  a quantitative  assessment  and  an  operative  decision. 

3.  In  the  same  time  the  Panel  Implemented  the  important  activity  of  FRACTURE  MECHANICS  Working  Group.  The 
importance  of  this  working  group  needs  not  to  be  emphasized;  at  this  moment  we  would  like  to  pinpoint 
the  fact  that  Fracture  Mechanics  and  n.d.i.  are  two  technologies  strictly  interrelated. 

The  modem  trend  toward  higher  strength  materials,  and  higher  applied  stresses  will  often  have  a ten- 
dency to  increase  a structure's  sensitivity  to  the  presence  of  flaws. 

Applied  fracture  mechanics  attempts  to  provide  techniques  and  criteria  to  produce  damage  tolerant  struc 
turea. 

N.d.i.  teohniques  are  practically  the  only  means  leading  to  quantitative  assesments  necessary  to  frac- 
ture meohanlos  application  in  order  to  perform  a predictive  analysis  t initial  flaw  size  and  orienta- 
tion, minimum  flaw  dimensions,  and  flaw  growth  pattern  to  the  precritical  stage. 

The  Panel  provided  the  necessary  liaison  between  fracture  mechanics  and  n.d.i.  working  groups  and  it 
was  felt  that  this  liaison  had  positive  results. 

4.  The  remark  that  fracture  meohanics  requirea  quantitative  assessments  from  n.d.i.  techniques  has  been 
leading  to  the  fact  that  at  this  moment  and  in  this  connection  the  most  used  term  used  is  NON  DESTRUCTI 
VE  EVALUATION. 

Very  intense  experimental  work  has  bean  conducted  to  quantify  precisely  flaw-detection  capabilities  of 
any  given  NDE  technique  and  statistical  methods  have  been  applied  to  demonstrate  the  validity  of  these 
oapabilities.  Samples  with  known  flaws  (artificially  grown  fatigue  craok)  of  various  sizes  are  been 
thoroughly  inspected;  the  statistical  analysis  of  the  detection  results  have  been  made  to  determine  the 
craok  size  range  for  which  90-poroant  probability  of  detection  at  a 95-poroent  confidence  level. 


1-2 


Results  of  these  reviews  produced  estimated  curves  of  "design  values"  for  reliable  detection  of  crack- 
like flaws.  As  a term  of  reference  we  quote  the  quantitative  estimation  presented  in  "FYaoture  control 
methods  for  space  vehicles"  NASA  CR-1 34597 i issued  Aug.  1974. 

At  this  level  of  logic  we  will  referer  to  the  recent  MIL-A-83444  (USAP)  2 July  1974  title  "Airplane 
damage  tolerance  requirements". 

This  specification  will  bo  discussed  in  a paper  by  an  authoritative  speaker  in  this  conference. 

In  this  specification  detailed  damage  tolerance  requirements  are  specified  as  a function  of  design 
concept  and  degree  of  inspectability,  being  both  design  concepts  and  degrees  of  inspeotability  proper- 
ly defined. 

Initial  flaws  are  assumed  to  exists  as  a result  of  material  and  structure  manufacturing  and  processing 
operations. 

He  consider  to  be  assumed  that  the  initial  flaw  dimensions  referred  to  in  this  specification  are  consi- 
stent with  the  result  of  experimental  and  statistical  work  as  pointed  out  in  NASA  CR-1 34597  just  taken 
as  a term  of  reference. 

He  will  not  be  involved  in  further  discussion  of  this  point,  but  from  a management  point  of  view  we 
feel  that  some  qualitative  considerations  are  to  be  put  forward  for  sake  of  both  safety-reliability 
and  cost  effectiveness. 

5.  QUALITY  CONTROL  AND  QUALITY  ASSURANCE  ASPECTS 

Aircraft  and  components  eu-e  manufactured  using  raw  materials  and  semifinish  products  which  are  the 
result  of  an  indxistrial  process. This  process  is  adequately  specified  and  monitored;  its  variability 
is  experimentally  determined  thru  the  quality  assurance  techniques  and  procedxires.  The  outgoing  product 
characterization  in  terms  of  measiirable  parameters  is  the  objective  of  a requirement  specification. 
Quoting  from  the  article  "Standards  of  acceptance  by  n.d.i.  inspection  for  raw  materials  and  components" 
by  Herbert  P.  Campbell  that  appears  in  the  AGARDograph  201 , "the  ideal  resvdt  is  a procxirement  document 
which  (i)  identifies  characteristic  critical  to  the  design  function,  (ii)  specifies  accurately  the  cha 
racteristic  requirement,  (iii)  provides  the  test  methods  for  determining  compliance  with  the  require- 
ments". 

The  flaws  in  the  materials  do  not  just  happen  : their  origin  and  quantitative  characterization  comes 
from  the  variability  of  the  process.  Eventually  these  data  are  injected  into  the  conceptual  engineering 
process  presented  for  ex.  in  the  HIL-A-83444. 

In  the  present  state  of  the  art  the  evidence  of  full  connection  and  consistency  within  all  these  phases 
taking  into  account  the  necessary  trade-off  seems  not  to  be  optimized  and  possibly  finalized. 

The  intensive  work  of  this  harmonization  between  materials  procurement,  engineering  specifications, 
structures  manufacturing,  and  monitoring  of  structures  during  service  life  is  in  our  opinion  the  main 
problem  facing  technological  management  in  our  field. 

Certainly  some  efforts  are  being  currently  produced  in  this  direction  but  we  feel  that  much  is  yet  to 
be  done.  He  are  confident  from  this  conference  a comprehensive  program  of  Quality  Assurance  will  be 
issued. 

Hlthin  the  frame  of  this  program  non  destructive  inspection  and  evaluation  will  be  properly  situated, 
avoiding  duplications  and  possible  lack  of  selectivity  of  activities.  Quality  control  documentation 
will  give  traceability  of  the  whole  process. 

Degree  of  inspectability 

The  concept  is  certainly  to  be  accepted  that  a structure  is  to  be  monitored  during  its  service  life  by 
means  of  appropriate  n.d.i.  techniques.  This  procedure  can  assure  safety  and  reliability  and  it  is  the 
result  of  mature  modem  technology. 

He  feel  however  that  some  conditions  should  be  fulfilled. 

1)  In  any  case  every  n.d.i.  should  be  performed  following  the  direction  of  a specific  technical  order. 

2)  For  monitoring  of  structures  condition  during  Service  life,  n.d.i.  instructions  will  be  issued 

covering  critical  items  demonstrated  at  laboratorj'  level  and/or  rccepted  following  damage  tole- 
rance design  requirements.  But  these  critical  items  are  to  be  cl  dated  and  the  inspections 

properly  programmed. 

The  efficiency  of  inspections  is  highly  improved  if  the  inspector  knows  exactly  what  is  looking 
for.  Furthermore,  the  sensitivity  of  many  of  the  inspections  methods  is  highly  dependent  upon  pre 
vious  knowledge  of  crack  orientation.  Knowledge  with  a strong  suspicion  are  the  moat  important  con 
tributors  for  all  inspection  methods. 

A programmed  inspection  during  seivice  life,  of  course  implies  suitable  accessibility  of  items  to 
be  Inspected,  and  this  fact  is  to  be  considered  at  design  stages  when  degrees  of  inspectability 
are  indicated. 

To  improve  the  present  state  of  the  art  it  is  to  be  advocated  positive  improvement  in  n.d.i.  teoh- 
nlquea  to  be  \iaed  to  inspect  fasteners  holes  without  removal  of  fasteners. 

It  is  furthermore  reaarked  that  the  Intervals  between  inspections  are  to  be  acceptable  in  terms  of 
operational  readiness  of  the  aircraft. 

He  cannot  conceal  our  concern  when  we  hear  about  struoturee  to  be  inspected  between  flights  or 
within  intervals  of  let's  say  5 flights;  we  will  not  comment  possible  requirements  of  monitoring 
critioal  items  during  flights  thru  automatic  n.d.i.  visually  displayed. 

These  practices  could  hardly  be  accepted  outside  the  phase  of  development  of  a new  a/c:  as  a matter 
of  fact  not  only  these  requirements  would  interfere  with  the  availability  of  a/o  concerned  but  they 
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would  be  an  indicator  of  poor  safety  and  of  basic  unreliability. 

Such  procedures  could  not  be  accepted  as  a correct  maintenance  philosophy  at  field' level. 

Our  purpose  in  putting  forward  these  considerations  in  this  paragraph  is  to  draw  the  attention 
that  full  benefit  of  n.d.i.  can  be  reached  harmonizing  quality  assuranoe  — engineering  requiremente- 
maintenance  programs  thru  intelligent  and  far  reaching  management  action. 

It  iSf  as  a last  consideration,  to  be  remembered  that,  in  a positive  n.d.i.  program,  experience  of 
human  errors  is  to  be  accounted  for. N.d.i.  operators  and  inspectors  are  assumed  to  be  duly  quali- 
fied; their  activity  is  also  assumed  to  bo  kept  under  constant  control  at  higher  level  of  responsa- 
bility. 

Experience  suggests  to  point  out  that  typical  human  errors  are  likely  to  occur  both  at  shop  and 
at  maintenance  level. 

At  shop  level  the  most  frequent  human  error  come  from  routine  boreness  and  from  peycological  satu- 
ration. At  maintenance  level  most  errors  come  from  adverse  environment  conditions. 

It  is  a responsability  at  managerial  level  to  take  all  measures  to  minimize  the  possibility  of  hu- 
man errors  and  to  provide  for  intelligent  double  checks  as  necessary. 

6.  ITp  to  this  point  in  our  presentation  we  have  implicity  assumed  that  n.d.i.  requirements  are  oriented  to 
protect  the  structiirea  from  fatigue  damage  in  metallic  materials.  This  is  a fundamental  aspect  but  other 
aspects  are  certainly  not  to  be  disregarded. 

In  this  survey  we  think  deserving  special  mention  highly  accurate  thickness  measurement  of  conductive 
and  non-conduct ive  materials,  measurement  of  case  depth  on  material  that  have  been  case-conditioned  and 
generally  check  on  geometrj-  and  surface  conditions,  including  weld  seam  tracking. 

We  will  mention  also  some  n.d.i.  applications  typical  in  maintenance  activity  : for  ex.  internal  con- 
ditions of  tubes,  corrosion  tests  and  checks  of  geometry  or  configuration  in  xinaccessible  areas. 

As  far  as  composite  and  non  metallic  materials  are  concerned  n.d.i.  nan  provide  the  possibility  of  test 
requiring  particular  approach  for  prevention  of  structural  failure. 

In  this  meeting  authoritative  specialists  will  deal  with  these  aspects  of  n.d.i.  establishing  common 
ground  in  the  major  disciplines  involved  (materials  developement  and  fabrication  processes,  failure  pre 
vention,  design  criteria,  standardization)  and  their  interrelationship  in  the  context  of  non  destruct^ 
ve  evaluation. 

A special  paper  will  discuss  unfulfilled  needs  in  n.d.i. 

7.  CONCLUSION 

The  quality  aissuranoe  and  control  activities  are  known  to  be  the  basic  management  tool  for  modern  indu- 
stry to  meet  the  contractual  requirements  and  assuring  safety  euid  reliability  of  the  product. 

In  this  system  for  every  phase  of  activity  it  is  required  a term  of  reference  precise  and  objective:  in 
aerospace  the  role  of  actions  oriented  to  prevent  structural  failure  and  to  quantify  reliability  cha- 
racteristics are  of  paramount  importance. 

N.d.i.  is  foundation  of  Q.A.  in  our  field;  the  state  of  the  art  and  the  diversity  of  techniques  and  in- 
strumentation permits  to  come  in  every  case  to  operative  assesments. 

Many  technical  improvements  are  in  development  phase  and  no  doubt  that  interesting  results  will  be  rea 
ched  in  a near  future. 

Our  main  concern  however  at  this  moment  is  to  stress  that  the  most  significant  progress  is  to  be  expec 
ted  in  management  arecw. 

Manufacturing  of  raw  and  semi-finish  materials  is  to  be  performed  according  to  technical  specifications 
defining  outgoing  quality,  accurately  and  unambiguously  according  to  requirements  issued  by  design  au- 
thority. The  conformance  to  these  requirements  is  to  be  demonstrated  thru  Q.A.  documentation  issued 
by  the  qualified  material  supplier.  N.d.i.  is  the  main  support  and  discriminating  factor  of  this  car 
tificate  of  conformance. 

This  fact  implies  that  there  will  be  a set  of  standards-equipmentt-procedxires  to  be  followed  by  the  sup- 
plier of  material  and  not  to  be  duplicated  by  the  airframe  or  components  manufacturer. 

By  this  manufacture  a different  but  consistent  set  of  standards-equipnent-procedures  is  applicable 
specifically  oriented  to  detect  and  control  the  typical  defects  that  can  bo  Induced  during  each  phase 
of  airframe  and  component  fabrication. 

In  maintenance  at  field  level  a third  set  of  standards-equipment-proceeses  would  apply  in  accordance 
with  program  of  maintenance  decided  upon  according  to  deeign  philosophy  and  results  of  development  testa. 
It  is  necessary  that  this  program  of  maintenance  is  really  feasible  in  the  context  of  the  operational  readi- 
ness of  the  product  taking  into  account  the  typical  environmental  conditions.  In  maintenance  too  soph^ 
sticated  n.d.i.  techniques  are  not  to  be  easily  accepted  trtiile  these  techniques  will  be  of  great  advan 
tage  during  materials  development  and  production. 

We  feel  that  a discussion  along  these  lines  between  the  specialists  in  each  particular  field  will  pro- 
duce a main  term  of  reference  for  our  profession. 
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SUMMARY 

This  paper  is  mainly  concerned  with  a critical  review  of  the  various  structural  safety  concepts  adopted 
during  the  aeronautical  and  space  technology  development,  with  particular  emphasis  to  fatigue  (acoustic 
inclusive)  and  recent  fracture  mechanics. 

A comparison  is  made  between  the  deterministic  and  the  probabilistic  point  of  view  in  the  analysis  of 
the  loading  condition  and  the  structure  behaviour  and  consequently  between  the  deterministic  and  the  pro- 
babilistic formulations  of  the  structural  safety  concepts. 

As  a conclusion  to  these  considerations  an  analysis  is  performed  relatively  to  the  present  and  the 
expected  impact  of  the  fracture  mechanics  in  aerospace  structure  design  philosophy  and  to  the  impact  of 
N.D.I.  methods  on  fracture  mechanics  analysis. 


1.  GENERAL  REMARKS  ON  STRUCTURE  SAFETY  CONCEPTS 

The  definition  of  safety, (1),  is:  "The  conservation  of  human  life  and  its  effectiveness,  and  the 
prevention  of  damage  to  items,  consistent  with  mission  requirements". 

Among  the  various  fields  that  are  today  concerned  with  safety,  "Non  Destructive  Inspection"  (N.D.I.) 
methods  interest  in  particular  structural  safety  as  regards  static,  repeated  and  fatigue  loading  condi- 
tions. Such  methods  have  an  impact  both  on  the  formulation  of  design  criteria  and  on  the  design  and  produc- 
tion methodologies. 

Safety  as  defined  in  MIL  STD  721,  [l] , is  an  engineering  problem,  without  any  specification  in  a deter- 
ministic or  probabilistic  problem.  Of  course,  the  same  observation  is  valid  for  structural  safety,  too. 

In  the  application,  and  particularly  in  the  design  application,  structural  safety  is  approached  where 
deterministic  and  probabilistic  components  play  roles  of  various  importance  due  to  the  knowledge  of  the 
structural  behaviour  and  loading  and  environmental  conditions. 

A complete  probabilistic  approach  seems  to  be  still  far  in  the  future.  At  present, it  seems  yet  to  be 
demonstrated  that  such  an  approach  could  be  the  best  for  a significant  judgement  of  the  safety  margins  of 
a certain  structure  in  certain  employ  conditions.  In  any  case,  if  several  theoretical  concepts  for  a com- 
plete probabilistic  approach  are  developed  or  under  way  of  development,  the  necessary  experimental  data 
are  far  from  a suitable  availability. 

The  safety  level  of  a structure  is  obtained  by  means  of  a series  of  criteria  and  requirements  that  must 
be  considered  as  a whole.  In  particular  it  is  to  be  emphasized  that  the  criteria  such  as,  for  instance, 
the  ultimate  factor  of  safety,  are  not  exhaustive  in  themselves  of  the  safety  level,  unless  they  are  accom 
panied  by  the  quality  control  or  product  assurance  requirements. 

The  evolution  of  structural  safety  concepts  from  the  early  statements  up  today  has  been  promoted  mainly 
by  improvements  in  the  knowledge  of  the  phenomena  involved  in  the  flight  and  by  the  fast  enlargement  of  the 
environmental  and  loading  conditions,  in  which  the  flight  structure  have  been  involved.  To  this  enlarge- 
ment both  airplane  and  missile  structure  have  been  interested  in  a unified  process  of  safety  thinking 
clarification,  even  though  neither  types  of  structures  have  been  analyzed  so  far  with  different  numerical 
values  of  the  various  safety  factors. 

Beside  the  usual  uncertainty  on  several  quantities  involved,  such  as  material  strength  properties,  geo- 
metrical dimensions,  and  so  on, the  simplest  aerospace  structural  problem,  i.e.  the  static  strength  of  a 
structure,  has  a wide  uncertainty  on  the  applied  loads  and,  in  particular,  on  their  distribution. 

Thus,  a fully  deterministic  approach,  that  would  imply  very  narrow  probability  distributions  of  all  the 
quantities  involved,  is  not  possible.  From  the  early  aeronautical  designs, structural  safety  has  been  obtain 
ed  from  deterministic  safety  factors  (implicit  or  explicit),  which  mainly  reduced  the  probability  of  having 
loading  conditions  more  severe  than  the  ones  used  in  the  absence  of  reliable  probabilistic  description  of 
the  loading  conditions  and  of  the  strength  capabilities.  Even  though  strengths  in  the  static  case  show  no 
great  scatter  because  of  the  requirements  in  the  material  and  manufacture  acceptance. 

When  probabilistic  descriptions  of  loads  or  strengths  are  available,  an  approach  based  also  on  proba- 
bilistic criteria  is  possible.  This  becomes  necessary  when  either  or  both  the  data  have  a wide  scatter. 

A fully  probabilistic  approach  where  a total  failure  probability  in  a given  time  is  calculated  - by  tak 
ing  into  account  all  the  environmental  and  loading  conditions  to  be  withstood  by  the  structure-  is  not 
applied  at  present  , due  to  the  inadequacy  of  several  necessary  statistical  data. 


(")  Paper  included  in  a research  supported  by  the  Italian  "Consiglio  Nazionale  delle  Ricerche* (contratto 
C.N.R.-SAS  n. 76-0031,  see  also  (8)  and  (20)). 
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Nevertheless,  an  evolution  toward  the  probabilistic  approach  is  observed  in  spite  of  the  enlargement 
of  the  physical  problems  involved  and  requested  data,  (see  for  instance  [2]). 

The  more  recent  of  such  enlargements  is  connected  with  fracture  mechanics  concept  , whicbhad  to  be  in- 
cluded in  the  aerospace  structure  analysis.  Fracture  mechanics  studies  the  residual  strength  of  structures 
with  defects  and  the  growing  of  cracks  or  flaws  from  their  initial  dimensions  up  to  critical  ones  at  which 
fracture  starts.  The  processes  involved  by  these  two  aspects  are  very  complicated,  but  a body  of  knowledge 
has  been  established  through  which  designers  can  approach  the  problem. 

In  such  an  evolution  , a primary  role  is  played  by  N.D. I. methods.  They  give  the  possibility  of  measur- 
ing cracks,  flaws  and  other  defects, and  their  capabilities  are  to  be  considered  in  a statistical  way. 

Theoretical  analysis,  tests  and  non-destructive  inspection  involved  in  the  fracture  mechanics  problems 
require  a great  lot  of  time  and  are  very  expensive.  Therefore  it  is  necessary  to  single  out  the  parts  of 
the  structure  which  need  a fracture  mechanics  analysis.  This  is  made  by  means  of  'Fracture  Control'  . A 
'Fracture  Control  Plan'  must  be  adopted  to  do  it,  and  to  perform  the  fracture  analysis  if  necessary. 'Frac- 
ture Control'  is  a new  engineering  discipline  that  interests  design,  fabrication,  environmental  control, 
inspection,  maintenance,  repair  and  verification.  Beside  the  N.D. I.  methods,  the  fracture  control  is  the 
new  practical  aspect  of  the  structure  design  of  today. 

In  spite  of  the  advancements  in  the  non-destructive  inspection  methodologies,  there  is  always  a finite 
probability,  for  the  large  and  complex  structures,  of  test  or  operational  failures  due  to  the  presence  of 
undetected  defects. 

The  "Fracture  Control  Plan"  largely  adopted  at  present  in  Aerospace  Industries  is  an  actual  means  to 
focus  the  engineering  and  workmanship  attention  on  the  problem  of  the  existence  of  such  defects  in  the 
structures,  with  the  aim  to  reduce  the  probability  of  failure  of  the  primary  structure. 

Several  technical  sectors  having  different  responsibilities  in  the  project  of  a vehicle,  including 
design,  analysis,  tests,  materials,  fabrication,  non-destructive  inspection,  are  organized  through  the 
'Fracture  Control  Plan'  in  a system  which  foresees  a series  of  checks  that  allow  the  'Project  Management' 
timely  to  resolve  the  critical  problems  being  discussed  in  the  proper  processing  meetings. 

Early  location  and  evaluation  of  the  fracture  problems  is  essential  to  initiate  corrective  actions  in 
terms  of  design  configuration  changes,  structural  materials  selection  and  fracture  control  approach.  A 
correct  planning  of  all  the  fracture  control  activities  is  needed  to  ensure  a proper  integration 
with  all  the  other  design  requirements. 

A Fracture  Control  Board  is  established  with  engineering,  product  assurance,  systems  integration  and 
tests, operationawho  are  responsible  for  verifying  that  design  and  construction  meet  the  agreed  specified 
requirements. (As  to  the  structural  Integrity  Program  see  also  MIL-STD  1530). 

The  identification  of  parts  or  components  selected  for  Fracture  Control,  on  the  basis  of  criticality 
for  the  flight-worthiness  and  susceptibility  to  cracking  or  fracture,  is  required  as  a basic  element  to 
establish  a consistent  and  correct  'Fracture  Control  Plan'. 


2.  SAFETY  CONCEPTS  AT  THE  DAWNING  OF  AERONAUTICS 

In  1900,  Wilbur  Wright  wrote:  "I  am  constructing  iy  machine  to  sustain  about  five  times  my  weight  and 
I am  testing  every  piece.  I think  there  is  no  possible  chance  of  its  breaking  while  in  the  air", [3]  . 

In  1911,  P. James  and  Delaunay  carried  on  flight  tests  to  measure  the  loads  on  an  aircraft  due  both  to 
manoeuvre  and  gust, [4]. 

In  1912,  H.Reissner  made  the  first  scientific  treatment  of  aircraft  stress  analysis,  which  contained 
various  proposals  regarding  the  flight  loading  conditions  and  the  suitable  safety  limits.  He  suggested 
an  ultimate  safety  factor  of  3 (both  for  tension  and  compression),  permissible  stress  equal  to  2/3  of  the 
limit  of  elasticity  stress  (i.e.  a 1.5  safety  factor  against  the  material  yielding).  Reissner  indicated 
also  the  great  importance  of  "tougiiness"  (high  difference  between  ultimate  and  yield  stress)  in  the  case 
of  repeated  tension  loads  as  well  as  high  limit  of  elasticity  in  compression  (instability  problems). 

During  World  War  I (and  precisely  1913-1914),  on  the  basis  of  Reissner's  suggestions,  Wilhelm  Hoff  in 
Germany  measured  in  flight  the  force  acting  on  the  lift  wire  of  an  externally  braced  biplane.  The  data 
were  published  during  1922.  The  results  of  Hoff  inspired  German  Regulations  for  the  design  and  the  accept- 
ance of  airplanes  (1916  revised  in  1918);  no  distinction  was  introduced  between  'safety  factor'  and  ‘ex- 
pected maximum  load  factor  (having  a specified  probability)'. 

In  the  twenties,  flight  tests  were  carried  out  by  various  investigators  to  determine  the  maximum  accel 
eration  of  the  airplane  gravity  center.  Among  them  James  Doolittle  reported  the  value  of  7.8  g (about  8) 
in  a pull-out  after  a steep  dive.  On  this  basis  it  was  stipulated  that  fighter  planes  could  withstand 
an  ultimate  load  factor  of  12  (that  implies  a safety  factor  of  about  1.5)  . During  gust  tests  maximum  ac- 
celeration of  about  2.5  g was  encountered. 
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In  1926,  following  to  a proposal  of  van  Gries  dated  1918,  a provisional  load  assumption  of  the  D.V.L. 
contained  a clear  subdivision  into  "load  factors  definitely  required"  and  a "safety  factor".  A safety  fac- 
tor of  2.0  was  suggested..  It  was  also  requested  that  no  residual  deformation  should  remain  after  load  removal 
(such  requirement  was  also  included  in  the  German  Regulations  of  1924). 

In  1931,  R.V.  Rhode  and  E.E.  Loundquist  published  their  study  on  the  maximum  loads  due  to  gusts  encoun- 
tered in  flight.  The  study  described  the  V-n  gust  envelopes, which  are  now  familiar,  connecting  the  extreme 
combinations  of  flight  velocity  and  vertical  acceleration.  In  1937  R.V.  Rhode  published  the  V-n  record  of 
about  20,000  hours  of  flying  test. 

In  1935  , after  a publication  of  KUssner  and  Thalau  dated  1932,  M.G.  Kussner  treated  the  gust  loads 

statistically  and  calculated  the  failure  probability  of  a wing  having  a predetermined  strength,  without 
allowance  for  the  probability  distrioution  of  this  quantity.  On  the  basis  of  the  data  concerning  the  Fokker 
013  and  the  Junkers  F-13,  he  gave  1,000  hours  as  a suitable  design  lifetime. 

In  1939,  Sir  Alfred  Pugsley  estimated  the  safety  of  an  airplane  by  means  of  the  theory  of  probability, 
taking  into  account  the  statistical  nature  both  of  the  applied  loads  and  of  the  structural  strength.  He 
reconmended  an  accident  rate  f.ir  the  entire  airplane  of  10"®  each  flying  hour,  and  a rate  of  10"'  as  con- 
cerns structural  failure  alone.  In  1942,  Pugsley  published  a more  detailed  explanation  of  his  proposal. 

In  1945  , A.M.  Freudenthal  presented  a detailed  analysis  of  the  statistical  properties  of  the  strength 

(from  material  tests)  and  a probabilistic  approach  to  the  safety  problem  of  civil  engineering  structures. 

During  1948  at  the  Third  Congress  of  the  International  Association  for  Bridge  and  Structural  Engineering, 
Various  contributions  of  Congress,  Prot,  Levi,  Cass6  were  registered. 

In  the  fifties  contributions  of  Pugsley,  Tye,  and  Freudenthal  were  also  registered. 

In  1954,  A.P.  Kennedy  used  a value  of  10  ^ for  the  failure  probability  in  one  hour  flight. 
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In  1955,  Bo  LunJberg  proposed  10  for  the  same  quantity. 

In  1956,  A.O.  Payne  carried  out  in  Australia  fatigue  experimental  tests  on  a large  number  of  "Mustang" 
wings,  taking  into  account  also  the  beneficial  effects  of  the  pre-loading 


3.  THE  DETERMINISTIC  STRUCTURE  SAFETY  APPROACH 

While  the  probabilistic  aspects  of  the  structural  safety  problem  were  already  singled  out  and  the  first 
probabilistic  approaches  were  proposed,  the  deterministic  approach  for  static  loads  was  improved  and 
brought  to  considerably  high  level  of  quality  so  that  together  with  the  fatigue  safety  concepts  it  would 
constitute  a good  basis  for  aeronautics  and  space  purposes.  The  whole  set  of  such  concepts,  which  were 
developed  when  static  and  fatigue  loads  seemed  to  be  substantially  disjoined  from  each  other,  was  applied 
to  manned  aircraft  for  many  years. 

The  deterministic  approach  for  static  loads  is  based  on  the  definition  of  two  main  load  levels:  limit 
loads  and  ultimate  loads.  Probabilistic  aspects  are  not  absent  in  their  determination  but  deterministic 
values  are  pursued. 

Limit  loads  are  the  loading  conditions  which  are  expected  to  be  encountered  in  flight  and  in  the  other 
operations  within  the  prescribed  flight  envelopes. 

Ultimate  loads  are  obtained  from  limit  loads  by  means  of  a multiplication  factor,  the  'ultimate  safety 
factor',  that  is  usually  equal  to  1.5  unless  otherwise  specified. 

Roughly  speaking  structure  is  requested  to  sustain  ultimate  loads,  to  suffer  no  unacceptable  deforma- 
tions under  limit  loads  and  to  suffer  no  permanent  set  or  yielding  after  removal  of  limit  loads. 

In  the  previous  requirements  the  more  discussed  figure  was  the  ultimate  safety  factor,  but  the  various 
authors  gave  different  analysis  but  quite  different  criticisms.  In  the  commonly  adopted  philosophy  this 
factor  in  the  early  formulation  of  the  approach  must  give: 

- allowance  for  non-permanent  set  or  yielding  at  limit  load  (i.e.  must  do  very  close  between  their  re 
quirement  at  ultimate  and  at  limit  load)! 

- allowance  for  defects  in  materials  and  processing  (the  more  detailed  analysis  specifies  thathere 
undetectable  defects  are  to  be  intended)  ; 

- allowance  for  design  uncertainties  and  inaccuracies  due, for  instance, to  aeroelastic  effects,  fatigue, 
flutter,  dynamic  effects,  structural  complexity,  loading  spectraand  load  distribution,  aerodynamics  heating; 

- allowance  for  stiffness; 

- allowance  for  exceeding  specified  manoeuvres. 

During  the  improvement  of  the  knowledge  and  technical  progress  the  various  uncertainties  before  indi- 
cated were  covered  by  a part  requirements  or  data  and  that  was  the  reason  for  several  proposals  of  dimi- 
nishing the  ultimate  safety  factor.  Up-to-day  these  proposals  did  not  result  in  pract'-al  statements, 
exception  being  made  for  the  values  lower  than  1.5  used  in  missiles  and  manned  spacecraft.  In  their 
technology  are  determinant,  beside  the  extreme  weight  saving  necessities,  several  less  severe  environ- 
mental conditions  and  very  accurate  and  expressive  analysis  and  test  methodologies  to  cover  the  more 
severe  environmental  conditions. 
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Limit  loads  are  defined  by  flight  conditions  envelopes,  such  the  manoeuvre  diagram  (fig. 3.1)  and  the 
gust  diagram  (fig. 3. 2),  and  other  specified  conditions  such  as  landing,  crash,  taxing  and  so  on  (see 
also  fig.3.3). 

Manoeuvre  and  landing  loads  have  an  input  on  the  suggestion  to  the  pilot  as  concerns  the  values  of  the 
appropriate  parameter  not  to  be  exceeded  during  operational  flight.  The  probability  of  such  loads  to  be 
exceeded  was  evaluated  and  it  constitutes  a basis  for  a probabilistic  approach  (see,  for  instance,  fig. 
4.7).  Also  MIL  requirements  report  data  on  such  a probability  (see  [2]). 

Gust  loads  were  derived  from  statistical  data  of  a phenomenon  which  cannot  be  defined  in  another  man- 
ner. Gust  velocities  and  the  other  data  on  which  discrete  gust  loads  are  to  be  evaluated  are  the  result 
of  a choice  of  the  limit  load  permitted  in  practical  operation. 

The  ultimate  safety  factor  introduces  a strong  reduction  of  the  hazard  of  a structural  failure. 

Other  important  probabilistic  aspects,  involved  in  the  so  called  deterministic  approach,  are  the  ma- 
terials mechanical  properties  and  data  which  are  to  be  employed  during  structural  calculations  and 
materials  evaluations.  The  data  reported  in  the  main  handbooks  result  from  statistical  evaluations,  [5], 
class  “A"  data  have  90  per  cent. probability,  with  0.95  confidence  level  x:lass  "B"  data  have  90  per  cent, 
probability  with  0,95  confidence  level ;class  "S"  data  are  simply  minimum  value  for  acceptance. 

As  reference  indications  of  the  statistical  material  and  structure  properties,  we  may  mention  the 
data  reported  by  Freudenthal,  [6] , (see  table  3.1)  who  indicated  also  the  normal  and  log-normal  distri- 
butions as  the  more  appropriated  ones. 

As  concerns  materials  an  inspection  of  the  consolidated  data  with  a comparison  between  class  A and 
class  B values,  seems  to  indicate  also  lower  variations  than  the  ones  reported  by  Freudenthal. 


4.  STATISTICAL  DATA  AND  PROBABILISTIC  SAFETY  APPROACH 

An  important  change  in  the  design  philosophy  was  the  probabilistic  analysis  of  the  applied  loads.  The 
probabilistic  nature  of  gust  loads  was  clear  earlier  in  their  introduction  in  the  engineering  field,  but 
the  description  available  as  power  spectrum  of  the  root  mean  square  and  as  function  probability  of  the 
root  mean  square  to  be  encountered  in  flight  open  new  possibilities  for  structural  analysis  as  far  as  both  static  and  fatigue 
problems  are  concerned. 

Available  statistical  data  on  gust  power  spectrum  are  in  continuous  evolution  since  the  early  compre- 
hensive data  of  Press,  Meadows  and  Madlock  (see  fig.4.I),[7]  , and  for  instance,  the  data  reported  by 
Etkin  (see  fig. 4. 2)  [10]  , to  the  data  to  day  available  and  quoted  also  by  the  Regulation  (see  [2]).  Also 
the  distribution  of  the  root  mean  square  of  the  gust  velocity  (see  for  instance  figg.4.3  and  4.4.,  [7]) 
are  continuously  under  revising  process,  due  to  new  experimental  data  acquisition. 

Analogous  descriptions  are  today  disposable  and  in  continuum  improvement  as  concerns  various  loading 
condition  as  the  thrust  of  missile  engines  (instability  effects),  the  roughness  levels  of  various  airfield 
preparation  (see  [2]  ) the  cumulative  occurrence  of  normal  load  factor  experienced  at  the  center  of  grav- 
ity during  thousand  runway  landings  (see  [2]  ),  the  cumulative  occurrence  of  sinking  speed  during  thousand 
landings, and  so  on. 

Recently  it  was  evidentiated  that  the  noise  produced  by  various  sources  as  turbo-jet  or  other  engines, 
boundary  layer  and  vortices  (fig. 4. 5)  gives  not-disregardable  acoustic  inputs  for  several  parts  of  missile 
and  aircraft  structures  (see  for  instance  fig. 4. 6).  Such  inputs  create  dynamics  responses  on  the  structures 
and  fatigue  problems  as  concerns  life  expectancy,  (see  also  [8]  ). 

Several  years  ago,  the  same  manoeuvre  loads  have  been  analyzed  in  a statistical  manner.  The  results 
are  given  for  instance,  beside  the  number  of  peaks  in  a given  time, as  probability  of  having  peak  load 
factorsexceeding  given  values  (fig. 4. 7)  or  the  cumulative  occurrence  of  peaks  (or  troughs)  during  a given 
flight  time  (see  [9]).  Such  data  indicate,  as  an  interesting  notation,  that  there  is  not  zero  exceedence 
of  the  design  manoeuvre  load  factor  due  to  the  pilot  manoeuvre  action. 

Fatigue  is  also  a physical  behaviour  that  implies  a statistical  description  because  of  the  great  scatter 
it  is  effected  by.  This  scatter  is  present  also  in  the  more  simple  elementary  aspects  as,  for  instance, 
rotating  bending,  and  depends  also  on  the  still  unknown  nature  of  the  fatigue  damage.  As  long  as  one 
considers  more  complicated  loading  and  geometrical  conditions,  the  scatter  becomes  greater  and  greater. 

The  impossibility  of  having  scale  model  tests  and  the  dependence  of  the  fatigue  behaviour  both  from 
general  and  local  geometrical  characteristics  makes  very  expensive  in  time  and  money  to  obtain  experimen- 
tal fatigue  results  on  every  new  structure  design. 

Therefore  the  safety  phylosophy  against  fatigue  generated  two  main  design  concepts,  safe  life  s,id 
fail-safe  that  was  based  mainly  on  deterministic  factor,  deduced  from  typical  fatigue  experimental 
analysis  or  practical  considerations. 

In  the  safe  life  concept  the  structure  was  requested  to  suffer  no  failure  in  a number  of  times  (determi- 
nistic factor  that  was  fixed  in  4)  the  design  life  time. 
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In  the  fail-safe  concept  the  structure  was  requested  to  have  redundancies  and  to  suffer  no  catastrophic 
failure  after  the  failure  of  a single  element,  when  subjected  to  reduced  (deterministic  factor)  static 
loads  in  comparison  with  manoeuvre  and  gust  normal  limit  loads,  so  making  ‘not  probable'  a ‘catastrophic 
failure'  . 

Statistical  data  on  the  various  loading  conditions  are  useful  to  obtain,  after  the  dynamic  analysis 
(see  llO]),  statistical  data  on  the  appropriate  load  or  stress  and,  from  them,  the  probability  distribu- 
tion of  appropriate  quantities  (as  for  instance  the  peak  to  trough  difference)  and  their  number  in  a given 
time  of  flight.  The  application  of  a correlating  rule,  allows  to  obtain  the  life  time  of  the  structure 
before  a fatigue  failure. 

As  a sample  of  a fully  probabilistic  approach  of  the  safety  problem  let  us  consider  a structural  ele- 
ment subjected  to  static  loads  of  known  probability  distribution  g(A)  and  having  a known  failure  load 
probability  distribution  f(F)  (Kig.A.S).  The  probability  that  an  applied  load  does  not  cause  the  failure 
of  an  element  is  given  by 

S-j  f(r)dF|  g(A)dA 

In  order  to  obtain  the  survival  probability  in  a given  time  T,  it  is  necessary  to  know  the  total  number 
N of  loads  having  the  distribution  g(A)which  are  applied  during  T.  If  we  suppose,  only  for  the  mathemat- 
ical derivation,  that  N,  T can  vary  continuously  if  R(N)  is  the  survival  function,  it  is 


R=e 


When  (I -S)  T«1  an  approximate  expression  of  the  survival  probability  in  a given  time  T is 


This  formula  may  be  used  also  for  discrete  values  of  N and  T. 

Another  sample  of  probability  approach  may  be  the  problem  of  a structural  element  having  known  probabil- 
ity distributions  g(A,n)  of  fatigue  failure  number  n of  alternate  load,  in  function  of  the  amplitude  A, 
and  subjected  to  an  alternating  load  whose  (constant)  amplitude  has  a known  probability  distribution  f(A) 
(fig. 4. 9).  The  probability  distribution  of  failure  alternation  number  is  given  by: 

f*CO 

?>(«)=  I g(A,n)  f (A)  dA 

The  same  formula,  in  the  hypothesis  that  the  damage  caused  by  each  alternation  of  amplitude  A is  indepen- 
dent from  the  history  of  the  previous  alternation  amplitudes,  can  be  used  if  the  element  is  subjected  to 
alternations  of  non  constant  amplitude  having  the  distribution  f(A). 

The  proposed  samples  are  sufficient  to  indicate  that,in  order  to  have  fully  prababilistic  approaches 
of  the  safety  problems, the  difficult  is  not  in  the  theoretical  formulations.  In  a first  ana1ysis.it  would 
seem  that  also  the  experimental  data  such  as  the  involved  probability  distributions  do  not  constitute 
a problem.  A deeper  analysis  realized  that  the  significativiness  of  the  statistical  figures  for  the 
safety  is  mainly  connected  with  the  reliability  of  those  parts  of  the  distribution  curves  which  in  a prac 
tical  formulation  can  only  be  obtained  by  means  of  arbitrary  hypothesis  of  the  type  of  the  probability* 
distributions.  At  present,  this  make  such  figures  unreliable.  Furtherly,  at  the  present  state  of  the 
technology,  the  survival  probability  of  a structural  element  in  a given  flight  time  is  as  near  to  unity 
tnat  suitable  differencies  from  a case  to  another  are  expressed  by  not  self-evident  differencies  in  the 
correspondent  figures. 

5.  FAR  REQUIREMENTS  FOR  TRANSPORT  CATEGORY  AIRPLANES 

Beside  the  usual  static  requirements,  FAR  vo1.3.  Part  25  ,[11]  , includes  requirements  on  ‘Fatigue 
Evaluation";  that  are  more  interesting  for  this  analysis. 

"Those  parts  of  the  structure  whose  failure  could  result  in  catastrophic  failure  of  the  aeroplane" 
are  requested  to  be  evaluated  under  provisions  of  "failure  strength",  "fail  safe  strength"  and-only  for 
turbojet  powered  aircraft  "sonic  fatigue  strength". 

As  concerns  fatigue,  the  structure  is  requested  to  withstand  the  "repeated  loads  of  variable  magnitude 
expected  in  service"  with  reference  to  the  "typical  loading  spectrum  expected  in  service".  It  is  possible 
to  use  correctly  "service  history  of  airplanes  of  similar  structural  design". 

As  concerns  "fail-safe",  after  a failure  of  a single  structural  element,  "catastrophic  failure  or  excess- 
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ive  deformation"  of  the  remaining  structure  must  be  "not  probable".  This  expression  is  substanzialized  by 
static  requirements  which  the  remaining  structure  must  withstand.  They  are  reduced  manoeuvre  and  gust 
static  loading  conditions. 

6.  DESIGN  CRITERIA  APPLICABLE  TO  A SPACE-SHUTTLE  STRUCTURE 

The  structural  safety  criteria  prepared  for  space-shuttle,  [12] , explicitly  mention  the  probabilistic 
aspects  of  material  mechanical  properties which  are  indicated  also  by  the  up-to-date  handbooks  (see,  for 
instance  [5]  ).  In  particular,  material  values  having  a 90%  non  exceedance  probability  with  95%  of  confi- 
dence level  are  required  to  be  used  only  in  "redundant  structure  in  which  the  failure  of  a component 
would  result  in  a safe  redistribution  of  applied  loads  to  other  load-carrying  members".  Materials  values 
having  a 99%  non  exceedance  with  95%  confidence  "may  be  used  whenever  failure  of  a single  load  path  would 
result  in  loss  of  structural  integrity". 

For  brittle  non-metal  lie  materials  "stress  level  to  be  used  with  limit  loads  shall  not  permit  a proba- 
bility of  more  than  one  failure  in  a million  components". 

As  concerns  the  design  aspects  of  fatigue  and  fracture  mechanics,  a fail-safe  design  concept  is  request 
ed  "where  practicable".  The  fail-safe  concept  is  actuated  through  the  requirements  that  "the  failure  of  a 
single  principal  structural  component  shall  not  degrade  the  strength  or  stiffness  of  the  structure  below 
that  necessary  to  carry  a specified  percentage  of  limit  load"  and  that  the  fatigue  life  of  the  remaining 
structure  "shall  exceed  the  time  between  scheduled  inspections". 

Safe-life  design  concepts  are  required  for  "all  the  structure  critical  to  the  integrity  of  the  vehicle 
or  personnel  safety".  The  safe-life  concept  is  actuated  by  requirements  including  regular  inspection  for 
the  detection  of  flaws,  and  thus  it  could  be  better  defined  as  a safe  crack-grow-life  concept.  The  flaws 
which  cannot  be  detected  in  a regular  inspection  "should  not  grow  enough  before  the  next  scheduled  inspec- 
tion to  degrade  the  strength  of  the  structure  below  that  required  to  sustain"  limit  loads  at  critical 
temperature. 

As  concerns  "sonic  fatigue",  cracks  and  catastrophic  failure  caused  by  the  cracks  themselves  must  be 
"not  probable",  assuming  that  the  loads  prescribed  for  "fail-safe  strength",  besides  several  other  condi- 
tions, "are  applied  to  those  areas"  which  are  interested. 

In  any  case,  "safe-life"  must  be  "at  least  four  times  the  specified  service  life". 

Gust  problem  is  approached  both  as  discrete  gust  requirement  and  continuous  turbulence.  As  concerns 
the  probabilistic  approach,  the  structure  "shall  be  designed  for  a 1 per  cent  or  lower  risk  of  exceeding 
limit  loads  during  the  expected  time  of  atmospheric  flight". 

As  concerns  safe-life  design  the  so  called  "safe-life  tests"  are  requested.  For  the  design  concepts 
which"depend  on  non-destructive  inspections  and  flaw-growth  predictions"  such  tests  have  the  purpose  of 
verifying  on  the  structure  with  artificial  flaws  “the  safe  crack-growth  prediction"  and  demonstrating  that 
"non-des*ructive  inspection  techniques  are  adequate".  For  the  design  concepts  which  "depend  on  non-de 
structive  inspection  alone", safe-life  tests  have  the  purpose  of  demonstrating  "that  the  techniques  are 
adequate  to  ensure  detection  of  significant  defects". 


7.  UP-TO-DATE  DESIGN  CRITERIA  (SAFETY  REQUIREMENT  FOR  AIRPLANE  STRUCTURE  DAMAGE  TOLERANCE) 

The  last  few  years  made  evident  the  necessity  that  the  airplane  safety  of  flight  structure  includes 
among  his  objectives,  [13]  , " to  protect  the  safety  of  flight  structure  from  potentially  deleterious  effects 
of  materials,  manufacturing  and  processing  defects  through  proper  material  selection  and  control , control 
of  stress  level,  use  of  fracture  resistant  design  concepts,  manufacturing  and  process  control  and  the 
use  of  careful  inspection  procedure". 


Safety  requirements  depend  on  two  parameters:  the  design  concept  and  the  degree  of  inspectability. 

Design  concepts  as  considered  today  are  indicated  below,  [13]  . 

- Slow  crack-growth  structure,  where  flaws  or  defects  are  not  allowed  to  reach  the  c'itical 
size  required  for  unstable  propagation; 

- Fail-Safe  multiple  load  path  structure,  where  structure  is  designed  and  fabricateo  in  segments 
which  contain  localized  damage  and  prevent  complete  loss  of  the  structure; 

- Fail-Safe  crack  arrest  structure,  where  structure  is  designed  and  fabricated  in  such  a way  that  un 
stable  propagation  will  be  stopped  within  a continuous  area  of  the  structure  prior  to  complete  failure. 

Degrees  of  inspectability  as  considered  today  are  indicated  below,  together  with  the  corresponding 
inspection  frequencies,  [13]  . 

- In-flight  evident.  Once  per  flight. 

- Ground  evident.  Once  per  flight. 

- Walkaround.  Once  every  ten  flights. 

- Special  visual.  Once  per  year  or  lessiif  authorized. 
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- Depot  or  base  level.  Once  every_one quarter  of  the  design  life  time.  This  inspection  procedure  may 
include  NOI  techniques  and  also  foreseen  removal  of  components. 

- In  service  non-inspectable . 

Safety  requirements  concern  the  intact  structure  in  case  of  slow  crack-growth  structure,  and  both  intact 
structure  and  remaining  structure  after  the  failure  of  the  critical  element  in  case  of  failsafe  structure. 

Two  load  levels  P and  P are  introduced  in  order  to  give  the  requirements  (see  table  7.1). 

XX  yy 

8.  DEFINITIONS  AND  DATA  FOR  UP-TO-DATE  DESIGN  CRITERIA  ( From  [13]  ) 

8.1  Fracture  critical  structure 

Two  categories  of  fracture  critical  parts  are  considered  in  the  specification:  “those  components  or  regions 
which  are  sized  by  the  requirements"  and  "those  components  or  regions  which  could  be  sized  by  the  require 
ments  if  fracture  control  procedures  are  not  employed",  [13]  . 

8.2  General  requirements 

The  safety  of  flight  structure  must  comply  with  the  requirements  at  least  in  a combination  of  design 
concepts  and  inspectability  level.  Such  compliance  must  be  demonstrated  by  means  of  all  the  necessary 
analytical  and  experimental  work. 

All  fracture  critical  regions  of  all  structural  components  must  be  inspected  as  a minimum  with  a close 
visual  inspection  for  holes  and  cutouts  and  with  ultrasonic,  penetrant  or  magnetic  inspection  for  the 
remainder. 

8.3  Initial  flaw  assumptions  (following  [13]  ) 

Small  imperfections  due  to  material  and  structure  manufacturing  and  processing  operations,(Fig.8.1 ) , 
shall  be  assumed  to  exist  in  each  hole  of  each  element. 

Different  (evidently  lower)  size  can  be  negotiated  if  the  contractor  has  developed  initial  quality  data 
on  fastener  holes. 

Besides  small  imperfections,  no  more  than  two  initial  flaws  shall  be  assumed  to  exist  in  any  separate 
element  of  the  structure:  one  of  them  in  the  most  critical  hole  and  the  other  at  the  most  critical  location 
other  than  a hole.  Interaction  between  them  must  be  considered. 

Initial  flaw  to  be  assumed  depends  on  design  concepts.  As  concerns  slow  crack-growth  structure,  flaw 
sizes  are  specified  for  hole  and  cutout  locations,  (fig. 8. 2),  and  other  locations,  (fig. 8. 3).  Other  surface 
flaw  shapes, having  the  same  initial  stress  intensity  factor  as  the  indicated  shapes,  can  be  considered  as 
appropriate  (see  [13]  , pag.3). 

Small  initial  flaw  sizes  other  than  those  specified  for  slow  crack-growth  structure  may  be  assumed  if  it 
is  demonstrated  (by  an  NDI  program  approved  by  the  procuring  activity)  that  all  flaws  larger  than  the  as- 
sumed ones  have  at  least  a 90  percent. probability  of  detection  with  a 95  percent,  confidence  level. 

Smaller  initial  flaw  sizes  may  be  also  assumed  if  proof-test  inspection  is  used,  [13]  pag.4. 

As  concerns  fail-safe  structures, flaw  sizes  are  specified  for  hole  and  cutout  locations, (fig. 8. 4) , and 
other  locations,  (fig. 8. 5). 

Other  possible  surface  flaw  shapes  with  the  same  initial  stress  intensity  factor  (K)  shall  be  consid- 
ered as  appropriate. 

8.4  In-service  inspection  flaw  assumptions  (following  [13]  ) 

If  the  component  is  removed  from  the  assembly  and  inspected  with  the  same  procedure  employed  during  the 
fabrication,  the  values  indicated  as  initial  flaw  assumptions  must  be  used. 

When  NDI  techniques  are  applied  without  component  or  fastener  removal,  flaw  sizes  are  specified  for 
holes  and  cutouts  locations, (fig. 8. 6),  and  for  other  locations,  (fig. 8. 7). 

Other  possible  surface  flaw  shapes  with  the  same  initial  stress  intensity  factor  shall  be  considered 
as  appropriate. 

9.  NDI  TECHNIQUES 

Aerospace  technologies  has  developed  so  far  to  a very  high  degree  of  sophistication,  materials  and  test 
practices  besides  design  philosophies. 

This  trend  Is  due  to  the  efforts  devoted  to  weight  saving  and  life  predicting  to  a satisfactory  level, 
taking  into  account  overall  cost-effectiveness. 

At  present,  the  Improvement  of  the  state-of-art  is  mainly  concerned  with  the  development  of  technologies 
of  monitored  production  and  processing  of  materials,  fracture  mechanics  concepts  and  non-destructive 
Inspection  methods. 

NDI  methods  are  Important  also  as  facilities  for  the  other  two  Items.  NDI  are  the  means  to  enlarge,  to 
several  important  material  parameters, besides  the  geometrical  ones, the  analysis  of  the  identity'  between 
the  service  structural  elements  and  those  submitted  to  the  various  tests. 
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Materials  are  the  result  of  an  industrial  processiand  the  presence  of  flaws  must  be  realistically 
accepted. 

A flaw  can  be  defined  as  an  inhomogeneity,  a discontinuity  or  a local  irregularity  at  microscopic  or 
macroscopic  level. 

NDI  must  reliably  provide  detection  of  flaws  and  of  their  geometrical  location  and  quantification. 

A question  may  arise  if  a detected  flaw  is  to  be  considered  a defect,  and  thus  unacceptable.  A flaw  can 
incept  a crack,  and  the  utmost  attention  must  be  paid  to  the  characteristics  of  fast-growing  of  small 
cracks  (propagation),  and  to  the  previously  existing  notch  effects  leading  to  crack  inception. 

Detection  and  Judgement  are  an  uneasy  basically  and  interdisciplinary  commitment.  Interpretation  of 
NDI  results  should  be  delegated  to  a team  of  specialists  rather  than  being  left  to  the  sole  judgement  of 
the  NDI  inspection.  This  team  should  be  composed  of  a stress  engineer,  a material  technologist,  a labora- 
tory expert  and  an  NDI  specialist,  [14]  , [15]  . 

In  such  a way,  the  terminology  "non-destructive  evaluation"  is  replacing  the  terminology  "non-destructi- 
ve inspection",  to  reflect  changing  emphasis  and  attitudes  of  the  last  few  years,  (see  [14]  ). 

This  evaluation  and  the  design/manufacturing  practice  are  based  on  the  modem  concepts  of  fracture 
mechanics,  which  in  its  linear  elastic  approach  is  a stress  intensity  approach  which  establishes  criteria 
for  fracture  instability  in  presence  of  a crack. 

A basic  assumption  is  the  presence  of  cracks  in  the  structure.  The  defect  sizes  which  cause  unstable 
fracture  are  related  through  theoretical  and  experimental  data  to  the  stress  field  at  the  crack  tip,  the 
applied  stress  and  the  material  properties.  In  particular,  flaws  must  be  analyzed  in  order  to  evaluate 
the  risk  of  a crack  inception.  Material  properties,  size  and  shape  and  orientation  of  flaws,  design  and 
stress  analysis,  work  cycles  are  involved  for  a clear  understanding  of  the  problem. 

Up-to-day  maximum  operating  conditions,  material  requirements  and  meaningful  inspection  and  acceptance 
criter-.'a  can  be  established  to  prevent  brittle  fractures  in  structures  made  of  high  strength  materials. 
Methods,  for  effective  assessment  of  fracture  resistance  of  the  more  ductile  structural  materials  are  also 
being  developed  into  engineering  methodologies. 

The  NDI  methods  are  technical  tools  based  on  diversified  physical  principles.  Some  of  these  methods  are 
routine  at  shop  and  laboratory  level  in  both  manufacturing  and  servicing  fields.  Other  advanced  methods 
are  under  way  of  development. 

An  integrated  program  of  NDI  fracture  mechanics  implies  airplane  design  according  to  standards.  It  must 
be  based  on  guiding  rules  to  inspect  of  every  component  those  parts  having  high  risk  character  based  on 
stress  engineer's  considerations.  For  each  inspection  the  most  appropriate  method  must  be  selected  after 
assessing  the  capacity  of  the  inspection  method  to  detect  the  dimension  of  the  least  flaw  considered  si- 
gnificant on  the  grounds  of  the  geometrical  configuration  and  fabrication  process. 

A study,  "Evaluation  of  Crack  Detection  Methods",  conducted  by  AIT  under  ESA  contract,  collected  and 
investigated  data  pertaining  to  crack-detection  methods  applicable  to  aerospace  structures  and  recommended 
the  most  promising  method  or  methods  or  further  study,  (see  [15]  ). 

In  order  to  describe  each  method  and  provide  coninents  about  their  capability,  the  following  aspects  are 
to  be  considered:  operating  environment  (laboratory  versus  field),  type  of  crack  most  readily  detectable, 
minimum  crack  size  detectable  (detection  sensitivity)  and  operational  requirements. 

The  NDI  methods  of  general  application  are:  visual  inspection,  liquid  penetrant,  magnetic  particles  and 
magnetic  rubber.  X-ray  and  neutron  radiography,  gamma-ray  radiography,  ultrasonics,  eddy  current  and 
acoustic  emission. 

The  NDI  methods  applicable  to  laminated  composite  panels  and  joints  are:  liquid  crystal,  infrared  rever- 
beration, resonance  and  holographic  interferometry. 

To  have  a synthesis  on  the  NDI  method  capabilities,  one  can  refer  to  'ad-hoc'  publications  (see,  for 
instance  [17]  and  [15]).  Nevertheless,  reporting  here  some  data  may  give  a picture  of  the  stochastic  nature 
of  the  knowledge  in  this  field  and  of  the  state  of  the  art. 

The  geometrical  characteristics  of  the  cracks  to  which  the  data  are  referred  are  the  crack  area  or  se- 
parately the  crack  length  and  the  crack  depth.  A zone  covered  by  the  coupled  length  and  depth  observed  in 

practice  is  indicated  in  fig.9.1. 

A way  of  reporting  data  is  the  diagram  of  the  "mean  values  or  the  confidence  zones  of  the  detection 
capability  in  function  of  the  detection  probability  for  given  area  interval  and  confidence  level",  (see 
f1g.9.2). 

Another  way  is  the  diagram  of  the  detection  capability  in  function  of  the  crack  length  (or  depth)  for 

given  probability  and  confidence  level  (see,  for  Instance  figg.9.3  and  9.4). 

An  idea  of  the  available  experimental  data  on  which  the  proposed  capabilities  are  based  is  given  by  fig. 
9.5. 

A comparison  of  various  NDI  method  capabilities  was  published  in  [15]  . 
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10.  IMPACT  OF  NDI  METHODS  ON  THE  STRUCTURAL  SAFETY  APPROACHES 

10.1.  The  role  of  NDI  methods  in  the  more  recent  requirements  and  applicable  criteria 

In  the  para  5.,  6.,  7.,  and  8.,  the  main  features  of  recent  requirements  and  applicable  criteria  have 
been  reported  to  give  a basis  for  the  discussion  on  the  evolution  of  the  structural  design  safety  criteria 
and  of  the  role  of  NDI  methods  involved. 

Of  course,  the  evolution  emerging  from  such  documents  sometimes  is  faster  than  the  real  application, 
especially  when  the  requirements  indicate  design  criteria  which  are  to  be  introduced  in  some  technical 
milieus.  Such  evolution  is  sometimes  slower,  where,  besides  the  indicated  safety  criteria,  design  method- 
ologies and  criteria  have  been  developed,  as  for  instance  when  it  was  necessary  to  give  practical  appli- 
cation to  the  fail-safe  concept  in  its  diwning. 

In  any  case,  though  in  the  awareness  of  the  differencies  between  practice  and  requirements,  the  analy- 
sis of  the  requirements  themselves  is  clearly  indicative  of  the  evaluation  of  the  NDI  method  impact. 

The  FAR  25,111)  , adopted  since  1964,  have  been  successively  amended  several  times.  As  concerns  structur- 
al safety,  the  amendment  on  "sonic  fatigue  evaluation"  dated  1966,  and  the  more  recent  amendments  on 
"fail-safe  strength",  are  important  to  our  pourpose.  NDI  methods  are  not  mentioned,  and  the  same  "fail- 
-safe"  design  concept  is  applied  on  the  basis  of  the  hypothesis  of  the  fatigue  failure  or  obvious  partial 
failure  of  a single  principal  element.  The  principle  of  periodical  inspections  and  the  damage  tolerance  is 
not  present;  moreover  neither  flaws  or  cracks  are  specified  as  initial  inperfection  to  be  taken  into  account. 

Structural  design  criteria  prepared  for  the  application  to  a space  shuttle,  [12]  , dated  1971  (revised 
1972),  take  widely  into  account  the  need  for  new  materials,  whose  data  characterization  must  be  made  by 
the  same  hardware  constructor.  Among  the  material  characteristics  to  be  evaluated  there  are  explicitly 
the  material  failure  mechanisms.  The  document  "is  intended  as  a starting  point  for  preparation  of  require- 
ments and  specifications  for  the  space  shuttle".  The  proof-test  is  introduced  as  "non-destructive  test" 
and  explicit  mention  is  made  of  the  other  NDI  methods,  in  particular  with  indications  on  the  applicability 
in  the  factory  and  on  the  field  of  the  various  techniques,  and  with  reference  to  various  material  types 
(refractory  alloy  , ceramics,  composites).  The  development  and  the  evaluation  of  techniques  for  inspection 
are  requested.  In  particular,  as  concerns  safe  crack-growth  life  design  concept,  it  is  requested  "to  de- 
montrate  that  non-destructive  inspection  techniques  are  adequate".  The  standards  of  such  NDI  methods  are 
the  basis  for  analysis  of  the  flaw-grow  because  they  give  "the  maximum  permissible  initial  flaw  size"  to 
be  considered. 

When  the  safe-life  concepts  depend  on  the  proof- test, the  avoidance  or  the  reduction  of  proof-test  fai- 
lures is  to  be  obtained  by  determining  the  required  NDI  "amount  and  type".  The  principle  of  periodic 
inspection  is  introduced  and  the  inspection  period  is  the  base  for  the  definition  of  the  requirements  on 
fatigue  life  in  the  fail-safe  concept  and  on  crack-growth  in  the  safe  crack-growth  life  concept.  The  great 
impact  of  NDI  procedures  emerges  from  the  statement  that  the  allowable  size  of  flaws  or  defects  shall  be 
large  enough  to  be  detected  by  practical  inspection  procedures", and  constitute  a condition  for  the  adequa- 
cy of  the  design. 

The  MIL-A-83444,  Airplane  damage  tolerance  requirements,  [13]  , dated  1974,  represent  a strong  introduc- 
tion into  the  structural  safety  field  of  the  fracture  mechanics  analysis  and  of  the  periodical  inspections 
principle.  They  also  denote  a great  confidence  into  the  NDI  method  capabilities,  giving  precise  indications 
on  the  flaws  which  are  to  be  assumed  to  exist  after  factory  and  in-service  inspections.  The  entire  body  of 
requirements  is  based  on  "the  inspection  of  100  percent  of  all  fracture  critical  regions  of  all  structural 
components".  Flaw  sizes  lower  than  the  specified  sizes  may  be  assumed  if  "special  non-destructive  inspection 
procedures  have  demonstrated  a detection  capability  better  than  indicated"  by  the  flaw  size  specifications. 
The  values  to  be  adopted  must  have  at  least  90  percent  probability  to  be  detected  with  a 95  percent  confi- 
dence level.  These  values  must  be  obtained  in  a"non-destructive  testing  demonstration  program"  "performed 
by  the  contractor  and  approved  by  the  procuring  activity". 


10.2  Actual  use  of  statistical  properties  in  the  structure  design  safety  approaches. 

The  present  trend  of  safety  in  the  aerospace  structures  seems  to  be  the  effort  of  finding  reliable  cor- 
relations between  statistical  properties  of  the  various  quantities  involved,  in  order  to  give  deterministic 
criteria  based  upon  probabilistic  analysis.  Such  trend  is  a continuation,  at  a more  sophisticated  level  of 
the  technology  and  with  the  necessary  adaptations,  of  the  well  known  approach  of  the  static  load  structural 
safety,  where  a deterministic  safety  factor  is  imposed  between  two  statistical  properties  i.e.,  the  loads 
which  are  probabilistically  exceeded  only  a fixed  number  of  time  in  a given  period,  and  the  strength  which 
is  probabilistically  exceeded  by  a given  percent  of  nominally  identical  structures. 

The  characterizing  aspect  of  the  more  recent  safety  philosophy  is  the  introduction  of  the  inspection 
intervals,  not  only  as  the  fail-safe  concept  is  concerned,  but  also  in  the  new  "slow  crack-growth  structure". 
The  inspection  Interval  to  be  adopted  depends  on  the  type  ofinspection  considered;  but  it  is  difficult  to 
say  whether  the  various  proposed  interval  times  depend  more  on  deterministic  rather  than  probabilistic 
considerations.  In  any  case,  such  interval  times  weakly  influence  the  safety  levels  because  of  the  nature 
of  the  requirements  which  refer  to  statistical  properties  of  the  loads  and  the  strengths  during  the  same 
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intervals  and  to  statistical  properties  of  the  structures  as  delivered  by  the  Inspections. 

An  important  element  for  the  safety  approach  in  the  fracture  mechanics  is  the  assumption  on  the  presence  of 
flaws  or  cracks  after  the  construction  or  an  inspection.  It  is  assumed  that  there  are  present  flaws  or 
cracks  which  haveagiven  probability  to  be  not  detected  with  a given  confidence  level,  taking  also  into 
account  the  influence  of  the  operator.  This  implies  experimental  analysis  of  the  capabilities  of  the  various 
NDI  methods  and  the  evaluation  of  the  quality  of  the  operator,  but  results  in  probabilistic  property  as- 
sumed as  a starting  point  for  the  analysis. 

Besides  the  initial  inspections  the  requirements  are  based  on  two  kinds  of  elements.  One  of  them  regards 
the  periods  of  time  on  which  to  evaluate  the  damage  propagation  of  cracks  caused  by  the  application  of 
the  proper  load  conditions.  The  other  regards  the  loads  that  must  be  withstood  after  the  damage  previously 
said 

The  periods  are  defined  as  multiples  of  the  inspection  intervals  by  means  of  deterministic  multiplication 
factor. 

The  loads  to  be  withstood  are  defined  statistically  as  the  loads  which  have  a given  probability  to  be 
exceeded  in  given  periods  of  time.  In  this  definition  other  periods  intervene,  different  from  the  previous 
ones,  but  deterministically  defined  as  multiples  of  the  Inspection  intervals. 

An  analysis  of  the  requirements  themselves  and  their  basic  elements  indicates,  that  they  suppose 
the  possibility  to  reach  (deterministic)  statements  on  the  basis  of  statistical  information  . As  a sample, 
we  can  consider  the  requirements  on  residual  strengths  for  a multiload  path  fail  safe  structure  with  a 
depot  or  base  level  inspection.  The  remaining  structure,  subsequent  to  load  path  failure,  must  not  fail 
(aircraft  failure)  under  a given  load  when  its  cracks  propagated  under  the  action  of  the  actual  loads  in 
a given  period. 

Such  an  approach  implicates  the  possibility  of  finding  simple  conditions  between  statistical  phenomena. 

In  particular  are  to  be  studied  the  crack  start  and  the  crack  propagation  under  random  loads.  It  is  well 
known  the  difficult  to  foresee  the  fatigue  behaviour  under  random  loads  on  the  basis  of  cyclic  test. 

'Ad  hoc'  random  test  seem  to  be  necessary. 

As  a sample  of  statistical  properties, to  be  obtained  from  statistical  description  of  a phenomenon,  we 
can  consider  the  case  of  the  gust  loads. 

The  data  on  atmospheric  turbulence  are  given  by  means  of  the  two  functions  below. 

1)  Probability  density  f , as  function  of  root  mean  square  gust  velocity  Ou  t 

f=f(0„)  , 

or  as  cumulative  probability  T,  as  function  of  (T-  , at  various  altitude  , 

r»r(0-). 


2)  Power  spectral  density  0(i2)  of  gust  velocity,  as  function  of  Oo  and  of  the  reduced  frequency 

(A  being  the  wave  length).  As  a sample  (f<}r  a wide  insight  into  the  topic,  see  [10]  ): 

^ ^ 1*3QL 

where  L < 1000  ft  is  an  acceptable  value. 

These  functions  give  a probabilistic  description  of  the  turbulence  that  shall  be  encountered  in  flight. 


Their  current  use  is  based  on  the  determination  of  the  gust  velocity  power  spectral  density  p(0)).  where 
Q)  is  the  frequency,  taking  into  account  the  airspeed,  and  on  the  calculation  of  the  power  spectral  den- 
sity p(fi))  of  every  quantity  a can  be  necessary  to  know,  as  dynamic  response  of  the  airplane  to  the  gust 
input  (1). 


An  asymtotic  (for  large  y ) approximate  relation  between  the  everage  number  N(y)of  maximum  per  second 
exceeding  a given  positive  value  y and  the  power  spectrum  p{(0)  of  a stationary  Gaussian  disturbance. 


having  root  mean  square  a, is  : 


(y>o) . 


If  applied  also  to  the  a’»  quantities,  when  there  is  not  the  certainty  that  they  are  Gaussian  (Instead 
the  input  uis  Gaussian),  it  allows  us  to  obtain  an  approximate  value  of  the  expected  cumulative  distri- 
bution of  positive  maxima  exceeding  a fixed  positive  value  y and  of  negative  minima  exceeding  in  modulus 
a negative  fixed  value  y . 


(1)  See  for  instance  [10]  . 
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Taking  into  account  the  continuous  variations  In  the  root-mean  square  gust  velocity,  the  cumulative 
distribution  of  maximum  per  second  exceeding  a given  positive  value  yis 


M(,).  ^ 


f <w  p(a))  do) 

1_  Jc 

'.if  /•“ 

p (a>)  do) 


..  ._JL 

2 O 

f(a)  e da 


The  same  expression  Is  valid  also  for  the  cumulative  distribution  of  minimum  per  second  exceeding  In 
modulus  a given  negative  value. 

Such  expression  is  the  basis  for  the  evaluation. for  1nstance>of  the  medium  number  of  loading  conditions 
exceeding  a given  value  during  an  Interval  of  flight  time,  or  the  loading  condition  that  can  be  expected 
to  be  exceeded  a given  number  of  times  In  a given  Interval  (for  Instance  between  two  Inspections). 

For  a discussion  of  the  reliability  of  the  above  expression  see  [IZ]. 

Expression  have  been  evaluated  also  to  obtain  approximate  evaluations  of  the  fatigue  loading  conditions. 
As  it  is  known,  fatigue  loading  is  made  by  cyclic  variation  of  load.  The  passage  from  a maximum  (minimum) 
to  a minimum  (maximum)  Is  an  half  cyclic  variation. 

For  Instance,  according  to  Kowalewski  (see  [19]  ),  the  joint  density  function  of  manda. 


H(m.o)  = 


m 


^2jr  a’ (1-1*) 


g 

e 


where  m Is  the  mean,  a Is  the  amplitude  of  a certain  Gaussian  process,  and  where 
N.,  Is  the  number  of  peak  (the  number  of  troughs), 

I Is  the  Irregularity  factor  (See  [19]  ),  , 


N is  the  zero  level  crossing  with  positive  slope, 

allows  us  to  calculate  the  environment  due  to  a stationary  Gaussian  process  having  a root  mean  square. 

The  determination  of  the  power  spectral  density  of  load  or  of  a quantity  such  as  the  load  on  an  element 
or  the  stress  at  a point  — directly  connected  with  the  fatigue  damage  or  the  requested  residual  strength  , 
on  the  basis  of  the  power  spectral  density  of  an  input  such  as  gusts,  thrust  instability  and  so  on,  is  a dynamic  response 
problem. 

The  classical  approach  to  this  problem  Is  the  use  of  the  Laplace  transform  and  the  determination  of  the 
transfer  function  and  In  particular  of  the  frequency  response  which  allows  us  to  determinate  the  response 
power  spectrum. 

Recently  the  dynamic  response  problem  In  the  case  of  sonic  fatigue,  where  several  hundreds  of  charac- 
teristic modes  are  Involved,  have  been  approached  by  means  of  the  Statistical  Energy  Analysis  (S.E.A.). 


11.  CONCLUDING  REMARKS 

NDI  methods  are  basic  tools  In  a modern  approach  of  the  structure  safety  achievement.  They  allow  the 
designer  to  know  reliable  starting  points  for  the  fracture  mechanics  analysis  and  the  production  and 
Inspection  specialist  to  detect  flaws  and  cracks  in  order  to  evaluate  each  structure  component. 

New  methods  for  NDI  will  be  proposed  and  tested  In  the  future.  Among  them  for  Instance  the  emission  of 
electrons  by  the  surface  fractured  zones  activated  by  ultraviolet  rays.  Is  an  effect  now  under  considera- 
tion at  scientific  laboratory  level. 

The  knowledge  of  the  various  NDI  method  capabilities  Is  a stochastic  problem  that  Introduces  new  prob- 
abilistic aspects  Into  the  safety  approaches. 

In  any  case,  fracture  mechanics  and  NDI  methods  are  coupled  between  them  In  the  new  area  of  the  damage 
tolerance  structure. 

In  the  future  It  will  be  necessary  to  Improve  the  knowledge  of  the  NDI  method  capabilities,  and  on  the 
other  hand  to  search  for  further  theoretical  and  experimental  results  on  the  various  material  behaviour  as 
concerns  crack  propagation  under  random  loads. 

The  arguments  discussed  In  this  paper  need  the  consciousness  of  their  difficulty  and  delicacy.  state- 
ments shall  be  considered  as  personal  Judgment,  whose  only  purpose  Is  to  promote  a general  view  of  the 
problem  without  any  wanted  criticism  of  eventual  different  points  of  view.  In  any  case,  the  trend  of  the 
technological  progress  seems  to  be  the  full  acquisition  of  fracture  mechanics  and  random  loads  Into  the 
structural  safety  approach,  where  NDI  methods  shall  have  a role  of  Increasing  Importance. 
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TAB.III-1  - TYPICAL  STATISTICAL  DISPERSIONS  (from  W) 


Coefficient  of  variation 
(practical ) 

Materials 

Structures 

Fracture  strength 

7-10« 

Yield  stress 

5-7X 

7-10* 
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TAB.  7.1  - Pjjjj  LOADS  FOR  VARIOUS  DEGREES  OF  INSPECT  ABILITY,  P^^LOADS  (FromS^M 


^XX* 

Degree  of 
Inspectability 

Typical 

Inspection 

Interval 

Magnification 
Factor,  M 

'’fe 

In-Flight 

Evident 

One  Flight 

100 

•’ge 

Ground  Evident 

One  Flight 

100 

"wv 

Walk-Around 

Visual 

Ten  Flights 

100 

"sv 

Special  Visual 

One  Year 

so 

’’dm 

Depot  or  Base 
Level 

1/4  Lifetime 

20 

'’lt 

Non-Inspectable 

One  Lifetime 

20 

* Pjjjj  = Maximum  average  Internal  member  load  that  will  occur  once  in  M times  the 
Inspection  interval.  Where  Puj^j  or  P..^.  is  determined  to  be  less  than 
the  design  limit  load,  the  design  limit  load  shall  be  the  required 
residual  strength  load  level.  Pj^j^  need  not  be  greater  than  1.2  times 
the  maximum  load  in  one  lifetime,  if  greater  than  design  limit  load. 


The  loads  Pj,^,  where  xx  assumes  proper  value  for  each  degree  of  inspectability, 
are  the  base  for  the  requirements  of  the  slow  crack-growth  structure  and  for  the 
fail-safe  structure  which  remains  after  a load  path  failure  (or  crack  arrest). 

The  load  Pyy  is  a minimum  load  that  fail-safe  structure  must  sustain  at  the  in- 
stant of  load  path  failure  (or  crack  arrest).  Pyy  shall  include  a dynamic  factor 
(D.F.)  and  "should  be  equal  to  the  internal  member  load  and  design  limit  load  or 
(D.F.)  Pxx  whichever  is  greater".  In  the  lack  of  data  a D.F.  of  1.15  is  suggested 


TAB.T-II  - SLOW-CRACK  GROWTH  STRUCTURE  (derived  from  [13]  ) 


Inspectability 

Residual  strength  req.and  damage 
growth  limitsfor intact  structure 

In-flight  evident 

Non-applicable 

Ground  evident 

Non-appli cable 

Walkaround  visual 

Non-applicable 

Special  visual 

Non-applicable 

Depot  or  base 

Damage  size  shall  not  grow  to 

level 

critical  size  and  shall  not  cause 
failure,  due  to  the  application  of 

PQ|if,  in  a period  two  times  the  in- 
spection interval. 

In  service  non- 

Damage  size  shall  not  grow  to 

inspec table 

critical  size  and  shall  not  cause 
failure  due  to  the  application  of 

Plt  In  • period  two  times  the 
design  lifetime. 

2- 


i 


Inspectability 

Residual  strength  req.and  damage 
growth  limits  for  intact  structure 

Residual  strength  req.and  damage  growth  limits  for 
remaining  structures  subsequent  to  load  path  failure 

In-flight  evident 

0 If  structure  is  depot  or  base 
level  inspectable  for  less  than 
failed  load  path  (e.g.  subcrit- 
ical  flaws): 

a^  shall  not  grow  critical 
in  one  depot  or  base  level 
inspection  interval 
or 

0 Must  sustain  p at  time  of  load  path  failure 

yy 

0 1 shall  not  cause  aircraft  failure^fp 
return  to  base. 

Ground  evident 

0 Must  sustain  P at  time  of  failure 

yy  - 

0 1 shall  not  cause  aircraft  failure  CP  in  one 
flight 

jUBjH 

0 If  structure  is  not  depot  or  base 
level  inspectable  for  less  than 
failed  load  path: 

a.  shall  not  grow  to  critical  f 
^^LT  lifetime 

0 Must  sustain  P at  time  of  failure 

yy 

0 1 shall  not  cause  aircraft  failure^p  in  5 

times  the  inspection  interval 

0 Must  sustain  P at  time  of  failure 

yy 

0 1 shall  not  cause  aircraft  failure  fp  in  2 
times  the  inspection  interval 

Depot  or  base 
level 

0 Must  sustain  p at  time  of  failure 

0 1 shall  not  cause  aircraft  failuretP^^  ii  2 
times  the  inspection  interval  ^ 

= "assumed  depot  or  base  level  damage  sizes"  1 = "failed  load  path  plus  assumed  damage 

in  remaining  structure" 

a^  = "assumed  initial  flaw  sizes"  = "due  to  the  application  of  " 


TAB.  7. IV  - FAIL-SAFE  CRACK  ARREST  STRUCTURE,  [13] 


Inspectability 

Residual  strength  req.and  damage 
growth  limits  for  intact  structure 

Residual  strength  req.and  damage  growth  limits  for 
remaining  structure  subsequent  to  unstable  growth 
and  arrest 

In-flight 

evident 

0 If  structure  is  depot  or  base 
level  inspectable  for  less  than 
arrested  damage(e.g.subcritical 
f 1 aws ) : 

a^  shall  not  grow  to  critical  C* 

P~jin  one  or  base  level  inspec 
tion  interval 

or 

0 If  structure  is  not  depot  or 
base  level  inspectable  for  less 
than  arrested  damage: 

a^  shall  not  grow  to  critical 

P|^.j,in  one  lifetime 

0 Must  sustain  P at  time  of  unstable  cracking 

yy 

0 I'shall  not  cause  A/C  failure  * Ppg  during 
return  to  base 

Ground 

evident 

0 Must  sustain  P at  times  of  unstable  cracking 

yy 

0 I'shall  not  cause  A/C  failure  C P._  in  one 
flight 

0 Must  sustain  P at  time  of  unstable  cracking 

yy 

0 I'shall  not  cause  A/C  failuretP  in  5 times 

the  inspection  interval 

Special 

visual 

0 Must  sustain  P^^  at  time  of  unstable  cracking 

0 I'shall  not  cause  A/C  failurefp  in  2 times 

inspection  interval 

Depot  or  base 
level 

0 Must  sustain  P^^  at  time  of  unstable  cracking 

0 I'shall  not  cause  A/C  failure  (?  in  2 times 

inspection  interval 

a^  • "assumed  depot  or  base  level  damage  sizes"  1 ' • "damage  depending  on  geometry"  (see  [13)1 


a^  • "assumed  initial  flaw  sizes"  (J  ■ "due  to  the  application  of  . . . 


(Flaps  u] 


"Equivalent"  Air  Speed 
Load  Factor 
Flaps  Up 
Flaps  Down 


n = Center  of  Gravity  Acceleration  due  to 
Aerodynamic  Lift 


n 


max 


>{ 


2.1  + ( 


24 .000 
W+10.000 


)) 


2,5 

n . 
mm 


£ 


n 

max 


W = max  take-atf  weight 
S 3,8 


1 


•C^max 


(Flaps  Down) 

Gust  Line  \j 
For 


Speed 

Gust  Line 

AIRSPEED 

ALTITUDE 

''de 

''b 

0 f 6000  m 

- 20  m/s 

''b 

6000*15000  m 

- 20t 1 1 ,4  m/s 

''c 

0 f 6000  m 

- 15  m/s 

''c 

6000t 15000  m 

- 7,6  m/s 

''d 

0 i 6000  m 

- 7,5  m/s 

''d 

6000f 15000  m 

- 3,75  m/s 

Fig. 3.1  - FAR  25  Manoeuvre  Diagram,[ll] 


Fig. 3. 2 - FAR  25  Gust  Diagram, [II]  . 


a)  - Symmetrical  Gust  Envelope  (from  [12]  - b)  - Symmetrical  Manoeuvre  Envelope  {fromp2]) 
Fig. 3. 3 - Manoeuvre  and  Gust  Diagrams  valid  for  Space  Shuttle. 
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Reduced  Frequency  .A, radians/ft 
Fig.4.1-Ana1ytic  representation  of  the  spectrum  of 
atmospheric  turbulence.  l7J  • 
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^ Structure 
. Short  period 


PhuGoid 


Lateral 
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Fig.4.2-0ne  dimensional  spectra,  isotropic  turbulence,  scale  L = 5000  ft.,  [10] 

Cuwilative  Probability 

Probability  f (Ou)  . 


altitude  ft 
0 to  10xl03 
10  to  30 
30  to  50 


Root-mean-square  gust  velocity, C^j.fps 


4 8 IZ  16  20  2 

Root-mean-square  gust  velocity ,0„,fp8 


Fig.  4.3-  Cumulative  Probability  Density  of  Gusts  of  given  Roof-Mean  Square 
Velocity  to  be  encountered  In  Fligth,  I?]  . 


through  flaw 


corner  flaw 


fig. 8. 2 - Slow  crack  growth  structure  flaw  assumption 
Location  at  holes  and  cutouts.. 


Small  imperfections  assumptions 


through  flaw 


through  flaw 


semicircular  flaw 


Slow  crack  growth  structure  flaw 
assumption.  Location  other  than  holes 
and  cutouts. 


Fig.  8.4  - Fall  safe  structure  flaw  assumptions 
Location  at  holes  and  cutouts. 


6,3^  nm 
"[uncovered 
^ length 


through  flaw 


semicircular  flaw 


corner  flaw 

8.6  - In  service  inspection  flaw  assumptions 
Location  at  holes  and  cutouts  without 
removal . 


Fail  safe  structure  flaw  assumptions 
Location  other  than  holes. 


through  flaw 


Fig.  8.7  - In  service  inspection  flaw  assumptions 


Probability  of  crack-detection 
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Fig. 9. 1-Connection  between  crack  area  and  crack 
length  as  an  aid  for  valueing  ultrasonic 
indication  from  carousel  method, from  Ekkart 
Knorr  in  [18]. 


Fig. 9. 2a  - Mean  Probability  of  Crack 
Detection  using  Manual  Eddy  Current 
Method, dependent  from  Crack  Areas, from 
Ekkart  Knorr  in  [13], 


% of  Cracks  Found 


% of  Cracks  Found 


Fig. 9. 2. b - Mean  probability  and  zone  of  confidence  for  different  classes  of  crack 
areas  by  eddy  current,  frog  Ekkart  Knorr  in  [18]: 

a)  all  cracks  up  to  0,3  mr?, 

b)  crack  areas  C,3  and  0,5  mm^, 

c)  crack  areas  0,5-1  inm2. 


FLAW  LENGTH, 2C( IN)^  _ Detection  probabijity  ( » of  Cracks  Detected 
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Fig.9.3-Fluorescent  l.p.  detection  sensitivity  Fig. 9.4-Sensitivity  of  the  five  NDI  Methods  to 
at  95J, probability  and  95*  of  confidence  level  Surface  Flaws  in  Program  Specimens,  from  H.South- 
for  flat  fatigue  cracked  specimens  of  2219-T87  worth  as  quoted  in[17J  . 
aluminium  alloy, fromM.D.Rummel  et  Al.as  quoted 
in  [15]  . Surface  conditions: 


a)  as  machined, 

b)  after  etching, 

c)  after  loading  (85%  of  yield  stress). 
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THE  ECONOMIC  IMPLICATIONS  OF  NDE: 
OPPORTUNITIES  AND  PAYOFF 

D.  M.  Forney,  Jr.  and  T.  D.  Cooper 

U.  S.  Air  Force  Materials  Laboratory 
Wright -Patterson  Air  Force  Base,  Ohio  A5433  USA 


SUMMARY 

In  the  past,  the  development  of  nondestructive  evaluation  (NDE)  for  aircraft  applications  has  re- 
sponded primarily  to  the  need  to  as8..re  structural  Integrity  and  mission  reliability.  The  cost  of 
Inspection  and  the  economic  return  on  Investment  were  considered  secondary  Issues.  The  situation  Is  now 
changing.  NDE  Is  experiencing  Increased  growth  and  In  many  cases,  opportunities  for  direct  economic 
payoff  are  providing  considerable  motivation. 

Recent  progress  In  the  development  of  NDE  procedures  and  instruments  which  may  have  significant 
economic  benefits  Is  reviewed.  NDE  requirements  In  both  Initial  manufacturing  and  In-service  functions 
are  discussed  to  exemplify  cost-effective  approaches.  Other  possible  future  opportunities  are  also 
considered. 


INTRODUCTICK 


The  Importance  of  nondestructive  evaluation  (NDE)  In  the  manufacture  and  service  use  of  aircraft  sys- 
tems Is  becoming  well  established  and  considerable  technical  progress  has  been  made  In  the  last  several 
years  to  advance  the  state-of-the-art.  This  Importance  will  continue  to  grow  as  more  occasions  are 
encountered  in  which  the  capability  of  the  NDE  function  may  be  the  controlling  factor  In  meeting  some  air- 
craft design,  performance  and  operational  cost  objectives. 

Historically,  the  development  of  NDE  techniques  for  aircraft  applications  has  concentrated  on  providing 
Inspection  capabilities  to  help  assure  structural  Integrity  for  flight  safety  and  mission  performance  reli- 
ability as  overriding  Issues.  To  that  end,  emphasis  during  initial  manufacturing  has  been  focused  on 
applying  NDE  to  assure  that  only  parts  free  of  critical  defects  will  be  accepted,  while  in  service  It  has 
been  focused  on  NDE  for  the  timely  detection  of  mission-limiting  failure  conditions.  While  the  cost  of 
performing  NDE  and  the  cost  of  technological  development  la  always  of  concern,  Che  assurance  of  flight 
safety  and  operational  reliability,  whatever  the  cost,  has  been  the  prevailing  requirement.  Having  first 
satisfied  this  requirement,  any  economic  benefit  gained  from  an  NDE  function  could  be  considered  an  added 
payoff.  Due  to  this  emphasis,  there  has  been  much  less  pressure,  and  therefore  less  motivation  and  oppor- 
tunity to  exploit  NDE  as  a means  Co  reduce  costs  directly. 


This  situation  Is  changing  rapidly,  however.  As  a natural  consequence  of  the  greater  Initial  cost  of 
new  advanced  aircraft  having  increased  sophistication,  the  rising  cost  of  replacement  aircraft,  and  as  the 
costs  of  maintenance  operations  escalate,  the  total  cost  of  aircraft  ownership  Is  growing  significantly. 

Figure  1 compares  the  relative  life  cycle  costs  for  several  aeronautical  and  one  electronic  system  based 
on  a IS  year  service  life.  The  life  cycle  cost  includes  system  research  and  development.  Initial  acquisi- 
tion price  and  the  cost  of  operation  and  support  (O&S)  during  system  life.  Operation  costs  Include  crew 
and  consumable  expenses.  Support  costs  Include  Inspection  and  maintenance  parts  and  labor.  A high  usage- 
rate  manned  aircraft,  such  as  a bomber  or  transport,  characteristically  Involves  slgnlf Icsntly  higher  total 
costs.  Furthermore,  the  OiS  costs  usually  constitute  the  major  portion  of  the  life  cycle  costs  as  shown. 

The  reduction  and  control  of  the  Increasing  life  cycle  cost  trend,  without  sacrificing  mission  readiness, 
has  become  an  additional  critical  objective  in  the  United  States  Air  Force  (USAF) . Cost  reduction  opportu- 
nities are  being  sought  In  both  the  acquisition  and  OAS  phases  of  existing  systems  and  those  In  development. 
Experience  Is  showing  that  through  the  use  of  emerging  technology  Improvements,  NDE  offers  tremendous  eco- 
noislc  potential  In  many  applications.  As  the  role  of  NDE  continues  to  expand,  economic  considerations  are 
becoming  more  important. 


Some  of  the  more  significant  factors  Involved  In  this  expansion,  as  discussed  In  detail  in  Reference  1, 
are;  (1)  the  pressure  to  minimise  04S  costs  (as  previously  discussed),  particularly  through  life  extension 
and  early  dauge  detection,  (2)  the  application  of  damage  tolerant  design  requirements  to  new  aircraft  sys- 
tms  and  (3)  the  emergence  of  new  structural  concepts,  processes  and  materials.  Certain  of  these  factors 
will  result  In  direct  economic  advantages,  while  others  may  Increase  the  actual  cost  of  Inspection,  but  by 
so  doing,  result  in  significant  total  cost  savings  indirectly. 


For  example,  the  Introduction  of  damage  tolerant  design  requirements  for  certain  fracture/fatigue  crit- 
ical parts  to  insure  that  the  probability  of  detecting  flaws  above  a given  size  Is  very  high  may  Increase 
the  •ctual  cost  of  manufacturing  Inspection.  These  Increased  costs  can  result  from  the  requirement  for 
Kre  critical  inspection  operations,  including  the  necessity  of  demonstrating  the  manufacturer’s  capability 
to  ^tect  flaws  on  a statistically  relUble  basis  at  a 90X  probability  95*  confidence  level.  On  the  other 
hand,  assurance  of  the  rallablllty  of  these  critical  components  over  the  design  life-time  of  the  aircraft 
can  graatly  alnlalia  tha  aalntananca  coata  aaaoclatad  with  that  ayatem. 

New  stru^ural  concepts,  proccssaa  and  materlala  can  also  Increase  the  direct  Inspection  costs  of 
cements.  Tha  Introduction  of  near-net  shape  forged  components,  for  example,  can  increse  the  complexity 
of  tha  Inspectlra  problra.  In  this  case,  however,  tha  total  manufacturing  cost  even  with  Increased  Inspec- 
tion coata  can  be  significantly  lower.  This  will  be  discussed  later. 


T 
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Accepting  Che  fact  that  several  of  these  factors  expanding  the  role  of  NDE  can  result  in  Increased 
manufacturing  Inspection  costs  per  se»  It  Is  interesting  to  consider  the  effect  that  such  Increases  may 
have  on  the  total  costs  of  aerospace  hardware. 

A U.  S.  National  Materials  Advisory  Board  Panel  Is  currently  assessing  the  major  cost  factors  asso* 
dated  with  the  Inspection  process  In  the  aerospace  Industry  for  the  U.  S.  Department  of  Defense  (Ref  2). 
Figure  2,  which  cites  the  results  of  an  earlier  Aerospace  Industries  Association  Report  augmented  by  an 
Industry  survey  of  the  costs  of  Inspection  of  both  engine  and  airframe  forgings,  shows  that  the  total  cost 
of  Inspection  Is  a relatively  small  percentage  of  the  total  sales  price  of  the  component  or  system.  There- 
fore,  the  Impact  on  the  total  selling  price  of  the  system  caused  by  Increasing  the  Inspection  cost  Is 
minimal. 

On  the  other  hand,  an  example  Illustrating  that  direct  costs  can  be  reduced  If  reliable  NDE  Is 
available  Is  shown  In  Figure  3 In  the  case  of  advanced  composites  (Ref  3).  If  the  inspection  technology 
Is  not  considered  adequate  to  guarantee  the  Integrity  of  advanced  composite  components,  It  will  probably 
be  necessary  to  proof-test  each  Individual  component  to  satisfy  the  requirements  of  U.  S.  Mil  Std  1530 
"Aircraft  Structural  Integrity  Program."  The  economic  Implications  of  such  a requirement  are  Illustrated 
where  the  minimum  cost  for  proof-testing  empennage  components  Is  shown  to  be  2.75  to  3.75  times  more 
expensive  than  the  cost  of  applying  conventional  NDE  methods  to  those  parts.  The  addition  of  acoustic 
emission  monitoring  of  the  proof  rest  to  Insure  that  total  failure  of  a part  will  not  occur,  thereby 
rendering  It  non-repalrable,  further  Increases  this  differential. 

A detailed,  quantitative  assessment  of  the  economics  associated  with  the  application  of  NDE  to  systems 
In  both  the  manufacturing  and  operational  environment  Is  an  extremely  complex,  difficult  task  and  Is  beyond 
the  objective  of  this  paper.  Rather,  It  Is  the  intention  here  to  discuss  selected  topics  where  NDE  Is  a 
major  consideration  and  Illustrate,  through  analysis  of  these  examples,  that  the  economic  Implications  of 
NDE  are  great  Indeed  and  that  significant  opportunities  exist  to  exploit  current  and  potential  Improvements 
In  this  technology.  The  balance  of  the  discussion  then,  will  Include  some  current  and  near  term  opportuni- 
ties both  for  manufacturing  and  In-service  Inspection  and  then  speculate  on  the  economic  potential  of 
technology  currently  In  development. 

CURRENT  AND  NEAR  TERM  OPPORTUNITIES 

Manufacturing  NDE 

Much  of  the  cost  of  the  fabrication  of  high  performance  components  for  engines  and  airframes  made  of 
titanium  and  nickel  base  superalloys  Is  In  the  machining  of  these  components.  For  example,  it  is  not 
unusual  for  90X  of  the  weight  of  a superalloy  turbine  disk  forging  to  end  up  as  machined  chips.  Not  only 
Is  this  expensive  In  terms  of  material  loss,  but  also  In  terms  of  the  difficulty  In  machining  these  alloys. 
This  has  been  Identified  as  the  major  cost  driver  In  manufacturing  parts  of  this  nature  (Ref  4).  Conse- 
quently, considerable  effort  Is  underway  to  develop  and  use  more  efficient  manufacturing  methods  to  produce 
these  parts  In  near  net  or  even  net  shapes  to  drastically  reduce  the  expensive  processing  operations  re- 
quired. The  advantages  of  this  technology  are  8ho%m  In  Figure  4.  Approaches  being  successfully  pursued 
Include  powder  metallurgy  compaction,  hot  Isostatlc  pressing  and  Isothermal  forging,  separately  or  In 
combination,  of  titanium  and  nickel  base  alloys. 

As  these  goals  are  achieved,  the  problem  of  economically  Inspecting  the  resultant  coiiq>onent6  becomes 
much  more  difficult.  For  example  no  longer  will  It  be  possible  to  machine  to  an  Intermediate  sonic  shape 
with  flat  parallel  surfaces  to  better  accommodate  ultrasonic  Inspection.  No  longer  will  it  be  possible  to 
avoid  Inspection  of  the  relatively  thick,  dlff icult-to-lnspect  surface  layer  normally  machined  away.  The 
material  very  near  the  surface  must  now  be  Inspected. 

In  anticipation  of  the  development  of  this  technology.  It  was  recognized  that  to  obtain  the  significant 
economic  advantages  that  near  net  manufacturing  offered.  Improved  NDE  was  mandatory.  General  Dynamics/ 

Fort  Worth  Division  under  Air  Force  Materials  Laboratory  (AFML)  contract,  has  been  developing  a computer 
automated  ultrasonic  Inspection  system  that  holds  promise  for  providing  the  Inspection  capability  needed 
(Ref  5).  This  system  uses  a 5 axis  bridge  and  an  Automation  Industries  UM771  ultrasonic  system  which  Is 
controlled  by  a Digital  Equipment  Corporation  PDF  11/45  dlgltcd  computer  with  Tekronlx  Model  4010  memory 
scope,  hard-copler  and  a special  designed  ultrasonic  contour  following  subsystem  that  controls  the  orien- 
tation of  the  transducer,  allowing  It  to  automatically  follow  the  contour  of  a complex  forged 
basic  system  has  been  successfully  demonstrated. 

The  contour  following  and  computer  control  and  display  part  of  this  system  are  now  being 
by  Pratt  & Whitney  Aircraft  under  AFML  contract  Into  a major  computer  controlled  and  operated 
be  used  for  the  Inspection  of  near  net  turbine  disks.  The  features  of  this  system  are  listed 

• Computer  aided  ------------  -Automated  system 

e Contour  sensing/following-  ------  -Inspect  as-processed  surfaces 

s High  sensitivity  ultrasonics  -----  -Resolve  1/64  FBH  near  surface 

• Inspection  record  archives  ------  -Full,  Imsedlate  data  recall 

• CAM  dimension  Inspection  -------  -Reduce  machining  set-up  costs 

• Defect  analysis  capability  — - - - - -Selective  rejection  criteria 

• Statistical  data  analysis-  ------  -Fabrication  process  control 

These  disks  are  being  manufactured  by  Isothermally  forging  IN-IDO  nickel  base  superalloy  powder  metallurgy 
compacted  and  extruded  billets.  The  system  will  have  the  capability  to  rapidly  and  automatically  inspect 
near  net  shapes  having  an  envelope  of  only  0.050  inch  (1.27imB)  as  sho%m  in  Figure  5.  It  will  be  able  to 
resolve  indications  equivalent  to  the  reflection  from  a 1/64  Inch  (0.4imi)  flat  bottom  hole  at  a depth  of 
from  0.050  to  3 Inches  (1.27  - 76.2mm).  This  system  will  be  operational  in  late  1977.  It  Incorporatss 
a pulser-recelver  unit  specially  designed  by  TRW,  Inc.  that  provides  a high  level  of  resolution  (Ref  6). 
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In  a parallel  program  the  General  Electric  Company  la  building  a similar  system  that  differs  In  the 
contour-following  approach  In  that  It  Is  a numerically-controlled  system  %flth  electromagnetic  sensors  to 
provide  the  "fine-tuning",  but  which  has  the  same  basic  objectives  of  computer  controlled  Inspection  of 
near  net  turbine  disk  shapes.  Their  pulser-recelver  Is  a very  high  resolution  system  designed  by  the 
G.  E,  Research  Laboratory  In  Schenectady,  New  York. 

The  capabilities  of  the  computerized  ultrasonic  Inspection  system  are  being  further  exploited  by 
General  Dynamics  as  shown  In  Figure  6.  To  enhance  system  capabilities,  parts  transfer  and  manipulation, 
part  edge  following  and  multiple  transducers  have  been  added,  with  particular  emphasis  on  application  of 
the  Inspection  of  complex  advanced  composite  components.  A detailed  study  of  cost  reduction  payoff  was 
conducted  which  projected  a savings  of  77X  In  the  Inspection  of  these  parts  as  compared  to  current  state- 
of-the-art  methods,  based  on  a 1000  aircraft  production  buy  (Ref  7). 

All  of  these  systems  herald  the  Introduction  of  computer  control  and  Interpretation  In  the  ultrasonic 
Inspection  of  critical  parts  In  manufacturing  operations.  The  economic  Implications  are  great  Indeed,  for 
they  reflect  a willingness  to  make  capital  Investments  In  equipment  development  that  can  lead  to  more  rapid 
Inspection  made  much  more  reliable  by  reducing  dependence  on  the  Interpretative  abilities  of  human  Inspec- 
tors. At  the  same  time,  total  cost  should  be  less  by  reducing  the  requirement  for  labor  Intensive  tasks. 

A less  obvious,  but  nevertheless  Important  and  tedious  Inspection  function  receiving  much  greater 
attention  Is  the  measurement  of  dimensions  and  alignment.  The  proper  alignment  of  aircraft  fabrication 
and  assembly  tools  Is  a critical  requirement.  To  Insure  reproducibility,  and  thus  provide  quality  assur- 
ance of  assembled  components,  the  conventional  practice  of  maintaining  and  verifying  tool  alignment  by 
periodic  Installation  of  a master  gage  as  shown  In  Figure  7 has  been  adopted  throughout  the  aircraft 
Industry.  In  the  conventional  method,  locators  which  are  used  to  position  parts  during  component  buildup 
are  Initially  positioned  within  the  component  tool  superstructure  by  the  master  gage.  Periodically  the 
master  gage  Is  reinstalled  to  Insure  that  these  locators  have  not  been  misaligned.  To  accommodate  these 
checks,  the  tool  must  be  removed  from  production  status  for  several  shifts  and  significant  labor  coats  arc 
Incurred  to  achieve  the  tool  Inspection.  Current  practice  Is  to  schedule  Inspections  by  the  calendar  rather 
than  by  a measured  need.  After  this  expenditure  of  time  and  effort.  It  Is  frequently  found  that  no  mis- 
alignment has  occurred. 

The  use  of  analytical  photogrammetry  as  an  alternative  method  to  detect  and  measure  tool  locator  mis- 
alignment has  been  shown  to  offer  major  cost  and  precision  benefits  over  conventional  methods  (Ref  8). 

This  method  provides  Indirect,  non-contact  measuresKnts  In  real  three-dimensional  space  through  mathemati- 
cal analysis  of  data  extracted  from  multiple  photographic  Images  obtained  from  several  camera  positions. 
Thus,  the  decision  for  tool  realignment  Is  based  only  on  the  detection  end  measurement  of  locator  dis- 
placements, rather  than  on  a schedule.  Fhotogrammetrlc  measurements  esn  be  made  on  a non-interference 
basis  during  component  fabrication  and  unnecessary  master  gage  Installation  Is  avoided.  Data  collection 
and  analysis  Involve  considerably  reduced  labor  costs  snd  yield  the  required  precision.  Overall,  the 
potential  economic  payoff  Is  enormous.  Production  applications  have  been  verified  for  relatively  planar 
structural  components  such  as  wings  and  vertical  fins  by  General  Dynamlcs/Fort  Worth  Division.  Follow-on 
development  effort  Is  getting  underway  shortly  at  G.  D.  under  AFML  sponsorship  to  extend  this  Inspection 
and  alignment  method  to  more  geometrically  complex  tools  such  as  depicted  in  Figure  8 to  broaden  applica- 
tions and  economic  payoff. 

In-Service  NDE 


Improvements  having  significant  economic  Impact  can  also  be  made  In  currently  used  field  NDE  methods. 
For  example,  the  routine  use  of  radiographic  Inspection  throughout  the  USAF  Involves  an  enormous  annual 
expense,  just  In  X-ray  film  alone.  Thus,  an  experimental  direct  exposure  X-ray  sensitive  paper  concept 
Introduced  In  1971  by  Eastman  Kodak  was  of  considerable  Interest.  USAF  system  evaluation  (Ref  9)  and 
field  trials  (Ref  10)  have  led  to  certified  use.  The  paper  system,  ^Ich  consists  of  a silver  halide 
emulsion  and  development  agent  coating,  can  be  developed  right  at  the  Inspection  site  Inmedlately  after 
exposure  In  an  Inexpensive  portable  processor.  In  less  than  15  seconds.  The  per  sheet  cost  Is  approxi- 
mately 21  cents  compared  to  approximately  $1.10  X-ray  film  cost.  In  addition,  a trade-off  study  has  shown 
a potential  reduction  of  60X  In  the  manhours  Involved  by  using  the  more  readily  processed  paper.  The  over- 
all savings  In  time  and  material  costs  are  quite  substantial  when  one  considers  that  almost  2000  radiographs 
may  be  taken  of  one  C-5A  transport  during  a major  Inspection.  The  system  Is  now  In  field  use. 

One  of  the  major  problems  facing  the  USAF  Is  that  of  keeping  many  aircraft  operational  beyond  their 
originally  designed  life  span.  As  additional  flying  hours  are  accrued,  there  Is  Increasing  concern  about 
the  Initiation  and  growth  of  fatigue  cracks  In  the  most  highly  stressed  areas  of  the  airframe  structure. 

The  most  likely  place  for  such  flaws  to  Initiate  are  adjacent  to  the  more  highly  stressed  fastener  holes 
(Ref  11) . A number  of  aircraft  Including  certain  models  of  the  B-S2  and  KC-13S  are  already  having  skin 
and  structure  replaced  In  many  areas  to  extend  their  life.  In  addition  to  problems  with  such  "elderly" 
aircraft,  the  problem  of  the  Inadequate  estimated  fatigue  life  of  the  C-5A  wing  has  been  well  docusMntsd. 

, In  these  situations.  Inspection  of  certain  critical  fastener  hole  areas  becomes  mandatory  to  Insure 

as  a minimum  that  the  onset  of  crack  development  Is  detected  early  enough  to  avoid  catastrophic  failure. 
Ho%rever,  the  methods  used  to  conduct  such  Inspections  and  the  sensitivity  of  the  methods  (with  sccepteble 
reliability)  very  significantly  affect  the  cost  of  maintaining  these  aircraft  for  several  reasons: 

a.  The  most  reliable  method  of  Inspecting  a fastener  hole  Is  to  remove  the  fastener,  and  use  sn 
autoisated  or  semlautomated  eddy  current  system  that  rotates  a probe  In  a spiral  path  through  the  hole  es 
shown  In  Figure  9.  Such  a system  applied  to  holes  with  good  surface  finish  should  be  able  to  detect  cracke 
of  0.030  Inch  (0.76mm)  surface  length  (0.015  lnch-0.38mm  radial  depth)  with  good  reproducibility.  However, 
the  cost  of  removing  the  fastener,  reflnlshlng  the  hole  and  replacing  the  fastener  can  be  very  expensive 
($125-$150  per  hole).  In  addition,  reiDOVsl  of  Interference  fit  fasteners,  which  srs  oftan  us^  In  critical 
holes,  can  be  very  difficult  and  con.  In  fact  cause  significant  damage  to  the  structure  that  further  In- 
creases the  repair  cost. 
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b.  Inapectlon  of  the  fastener  hole  area  without  rcnovlng  the  fastener  Is  currently  conducted  using 
hand-held  ultrasonic  shearwave  aethoda.  The  sensitivity  and  reliability  of  this  nethod  varies  greatly 
as  a function  of  the  accessibility  of  the  area,  the  geoaetry  and  the  skill  of  the  operator.  In  general 
the  alnlauB  size  flaw  which  can  be  detected  with  any  degree  of  reliability  Is  In  the  range  of  0.2S  to  0.50 
Inch  (6.35-12.7aa)  radial  depth,  and  only  then  with  slow  painstaking  efforts  on  the  part  of  the  technician. 

If  a large  nuaber  of  fastener  areas  aust  be  Inspected,  the  cost  can  be  prohibitive.  Horeover,  the  repair 
procedure  required  If  such  large  cracks  are  detected  Is  aore  coaplex,  expensive  and  structurally  Inefficient. 
If  cracks  0.030  Inch  (0.76nn)  radial  depth  or  leas  can  be  detected.  It  Is  feasible  to  drill  and  rean  the 
hole  to  a larger  size  and  use  an  oversize  fastener,  rather  than  to  Install  a strengthening  patch  or  replace 
part  of  the  structure. 

Therefore,  there  has  been  considerable  Incentive  for  both  economic  and  technical  reasons  to  develop 
reliable  methods  of  Inspecting  around  fasteners  without  removing  them.  One  effort  has  been  the  development 
of  the  Rotoscanner*  by  the  Boeing  Company  for  the  USAF  (Ref  12).  This  system,  shown  In  Figure  10  utilizes 
a lightweight,  hand-held  fixture  that  la  manually  centered  over  the  fastener  and  contains  two  transducers, 
properly  positioned  to  generate  an  ultrasonic  shear  wave  that  Interrogates  the  material  adjacent  to  the 
hole.  When  activated,  the  device  rotates  the  transducers  360°  around  the  fastener,  once  In  each  direction, 
with  one  transducer  operating  on  each  revolution  to  Insure  detection  of  cracks  even  If  they  are  not  normal 
to  the  hole  wall.  The  signal  Is  then  displayed  both  on  the  scope  of  the  pulser-recelver  unit  and  on  a 
storage  oscilloscope  as  a circular  A scan,  clearly  showing  any  crack  Indications.  The  transducer  locations 
and  angles  must  be  adjusted  depending  on  the  size  of  the  fastener  and  the  thickness  of  the  skin.  The  sys- 
tem Is  calibrated  using  coupons  of  varying  thickness  containing  fasteners  with  eloxed  notches  adjacent  to 
the  holes  to  simulate  cracks. 

This  system  In  Its  present  form  has  some  limitations,  the  most  Important  of  which  Is  that  It  can  re- 
liably Inspect  the  outer  layer  only.  Transmission  of  the  ultrasonic  signal  across  the  Interface  between 
layers  will  vary  greatly,  depending  upon  the  nature  of  the  Interface  (presence  of  sealant  of  variable 
thickness,  etc.).  Further,  recent  eveluatlons  of  the  unit  on  various  aircraft.  Including  an  F-111  fatigue 
test  wing,  an  A-7  high  time  aircraft  wing,  and  the  T-38  lower  wing  skin  have  revealed  other  shortcomings, 
Including  the  need  to  design  a more  reliable  variable  transducer  locating  system.  Incorporate  more  reliable 
mechanical/electrical  components  and  make  the  unit  more  rugged.  Work  to  design  an  Improved  version  Is  now 
underway.  The  potential  cost  savings  offered  by  a system  of  this  nature,  even  If  limited  to  outer  layer 
Inspection  only,  are  very  significant.  Cost  reductions  by  a factor  of  200  have  been  projected. 

The  ability  to  Inspect  the  Inner  layers  In  a multilayer  structure  without  fastener  removal  offers  an 
even  greater  technical  and  economic  challenge.  However,  significant  progress  In  the  development  of  eddy 
current  methods  has  been  made  that  offers  hope  of  making  such  a system  available  In  the  near  future  as 
Illustrated  In  Figure  11. 

One  approach  currently  under  development  by  Battelle  Memorial  Institute's  Columbus  laboratory  on  an 
AFML  contract  Involves  the  use  of  a multifrequency  eddy  current  system  (Ref  13).  In  order  to  affect  a 
compromise  between  the  use  of  low  frequencies  for  greater  depth  of  penetration  and  higher  frequencies  for 
better  resolution,  the  Battelle  system  utilizes  three  frequencies  simultaneously  at  approximately  90,  300, 
and  1200  Hz.  The  resultant  complex  signal  Is  sensed,  sorted  Into  Its  various  components  electronically  and 
then  the  results  analyzed  by  a trained  computer  network  which  has  the  capability  to  recognize  which  facto's 
making  up  this  signal  are  significant,  and.  In  turn,  whether  there  Is  or  Is  not  a crack  In  the  structure. 
Since  the  system  uses  the  fastener  Itself  to  help  project  the  magnetic  field  Into  the  structure.  It  can 
penetrate  fairly  deep,  at  least  In  the  range  of  O.A  to  0.5  Inch  (10.2  - 12.7mm)  In  aluminum  structures. 

It  Is  being  developed  to  be  effective  with  both  steel  and  titanium  fasteners  although  It  Is  more  effective 
with  steel.  Flaw  sizes  In  the  range  of  0.3  to  0.5  Inch  (7.62  - 12.7iiiii)  have  been  detected.  A modified 
version  now  being  evaluated  shows  promise  for  being  able  to  detect  cracks  In  aluminum  structure  on  the 
order  of  0.1  inch  (2.5mm)  radial  depth.  A prototype  system  should  be  available  by  early  1978. 

Another  eddy  current  approach  for  detecting  cracks  In  second  layer  structures  Is  the  use  of  low 
frequency  eddy  currents  (Ref  14).  In  this  approach,  a special  500  Hz  eddy  current  probe  has  been  shown  to 
be  able  to  Inspect  around  steel  fasteners  through  outer  layers  of  aluminum  up  to  0.5  Inch  (12.  limn)  thick. 
Sensitivity  at  this  thickness  Is  reported  to  be  0.5  Inch  (12.7mm)  radial  depth,  with  cracks  down  to  0.25 
Inch  (6.35iin)  radial  depth  In  thinner  structures.  This  method  developed  by  Boeing,  has  already  been  used 
by  a number  of  airlines  and  It  Is  reported  to  have  saved  them  "millions  of  dollars"  by  replacing  the  more 
expensive  radiographic  methods  previously  required.  This  approach  Is  being  further  evaluated  by  Boeing 
for  the  USAF  to  determine  Its  potential  for  use  with  titanium  fasteners  and  to  see  If  Its  sensitivity  can 
be  Improved. 

The  Importance  of  developing  adequate  Inspection  methods  for  advanced  composite  hardware  during  manu- 
facturing was  mentioned  previously  as  a necessary  step  to  Insure  reliability  without  the  need  for  proof- 
testing.  There  are  further  significant  economic  Implications  In  the  methods  used  to  Inspect  composite 
components  at  the  field  and  depot  level.  Although  automated  Inspection  methods  are  now  being  Incorporated 
during  manufacture,  Inservlce  Inspection  Is  still  limited  to  manual  procedures.  Figure  12  Illustrates  the 
current  state-of-the-art  ultrasonic  Inspection  of  bonded  areas  on  a boron/epoxy  horizontal  tall  In  a typi- 
cal hangar  environment.  It  Is  a slow  process  requiring  skilled  operators.  The  reliability  of  this  Inspec- 
tion Is  strongly  dependent  on  visual  Interpretation  of  complex  signals  on  the  CRT.  Automation  of  certain 
of  these  Inspections  offers  great  potential  not  only  for  Increased  reliability  In  the  Inspection,  but  also 
for  significant  cost  savings.  Figure  13  shows  some  potential  savings  In  the  manhours  required  to  Inspect 
a typical  empennage  structure  Indicating  that  as  much  as  an  80Z  reduction  In  manhours  per  Inspection  can 
be  realized.  One  concept  of  an  ultrasonic  system  that  could  perform  such  an  Inspection  Is  shown  In  Figure 
14  where  automatic  data  gathering,  processing  and  Interpretation  can  be  conducted  on  an  assembled  aircraft 
In  a field  environment.  The  AFML  Is  currently  Initiating  a program  to  design  and  fabricate  a prototype  of 
such  a system. 
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vnille  the  generic  field  of  nondestructive  inspection  as  It  exists  today  dates  back  35  or  more  years, 
most  of  the  current  capabilities  have  been  developed  In  the  recent  past.  The  quickening  pace  of  develop- 
ment Is  likely  to  continue  Into  the  future.  Although  at  this  point  one  can  only  speculate,  nevertheless, 
a number  of  future  technology  advancements  are  envisioned  that  should.  If  exploited  effectively,  make 
possible  new  NDE  capabilities  having  significant  direct  or  indirect  economic  payoff.  A few  examples  are 
offered. 

j Neutron  Radiography 

The  Inability  of  any  of  the  standard  NDE  methods  to  detect  certain  hidden  or  Inaccessible  defects  has 
led  to  a widespread  Interest  In  neutron  radiography  (n-ray).  Unlike  x-radlography,  n-rays,  being  highly 
attenuated  by  certain  light  elements,  are  particularly  suited  to  the  detection  of  many  Important  damage 
conditions  such  as  corrosion  hidden  under  paint  or  within  built-up  structure,  entrapped  water  In  honeycomb, 
missing  adhesive  In  bonded  structure,  residual  core  material  (suitably  doped)  within  complex  castings,  and 
others.  The  n-ray  technique  was  made  feasible  for  practical  field  Inspection  applications  by  the  Introduc- 
tion of  semi-portable,  moderate  Intensity  Isotope  systems,  for  example,  those  using  calif omlum-252.  How- 
ever, routine  use  of  such  Isotope-based  n-ray  systems  continues  to  be  quite  limited  by  several  overriding 
disadvantages.  For  Instance,  film  exposure  times  can  be  excessive  (e.g.,  hours);  the  necessary  safety 
precautions  Inhibit  other  nearby  activity;  source  shielding,  transfer  and  storage  requirements  are  complex 
and  very  Inconvenient;  and  finally,  the  system  bulk  and  Inadequate  portability  limit  feasibility  of  appll- 
cat Ion . 

Recent  promising  development  work  on  Ion  accelerator  n-ray  concepts  by  several  groups  has  Indicated 
the  feasibility  of  a portable,  economical  system  adaptable  to  In-service  Inspection  requirements  which 
would  minimize  many  of  the  major  disadvantages  of  Isotope  systems.  For  example,  the  Vought  Corporation 
(Dallaa,  Texas),  under  U.  S.  Army/AMHRC  sponsorship.  Is  scheduled  to  begin  work  soon  to  fabricate  a proto- 
type scheduled  for  field  evaluation  In  early  1979.  The  concept  of  application  of  that  system  Is  Illustrated 
In  Figure  IS.  Realistic  expectations  for  such  a system  Include  2-minute  film  exposure  times,  short  inspec- 
tion setup  times,  flexible  system  portability,  reduced  shielding  requirements,  elimination  of  restrictive 
source  handling  problems,  and  greatly  reduced  training  requirements.  Once  developed,  the  Ion  accelerator- 
based  n-ray  system  should  lead  to  significant  economic  advantages.  Early  detection  of  developing  corrosion 
conditions  can  reduce  significantly  the  extent,  and  therefore  cost,  of  repair.  The  detection  of  defective 
adhesive  bonding  or  water  entrapment  conditions  might  be  used  not  only  to  avoid  a specific  structure  failure, 
but  also  to  Introduce  remedial  manufacturing  process  changes. 

Engine  Disk  Replacement-for-Cause 

The  current  life  management  scheme  for  engine  disks  Is  necessarily  conservative.  These  are  highly 
I atressed,  fatigue  life-limited,  non-redundant , flight  critical  components  whose  unexpected  failure  must  be 

avoided.  According  to  traditional  conservative  practice,  certain  critical  disks  are  replaced  at  a service 
life  at  which  there  exists  a calculated  IZ  probability  that  a lo%r-cycle  fatigue  crack  of  some  very  ssmll 
length  has  been  Initiated  (Ref  15).  Theoretically  then,  at  this  design  life,  999  out  of  a population  of 
10(X)  disks  would  be  replaced  although  still  possessing  an  undefined  amount  of  useful  life  in  an  uncracked 
condition  which  could  be  as  much  as  90Z. 

As  the  cost  of  some  new  disk  designs  currently  being  Introduced  exceeds  $20,000  each,  the  requirement 
for  a acre  economical  replacement  scheme  based  on  other  than  a calculated  crack  Initiation  time  has  become 
quite  evident.  Figure  16  Illustrates  the  basic  principle  of  a replacement-for-cause  concept  being  Investi- 
gated by  the  USAF.  The  concept  Is  described  In  Reference  15  as  follows: 

"For  a given  component,  the  nuiid>er  of  cycles,  N^,  required  to  propagate  a crack  from 
an  Initial  size  A^  to  critical  size  A^.  can  be  calculated.  This  number  of  cycles,  Nq, 
then  becomes  the  upper  bound  for  a cracked  component  to  remain  In  service.  An  Inspection 
Interval  Is  then  established  at  some  fraction  of  N(-  designated  Nj.  It  can  be  seen  that  over 
this  Interval  of  time  no  component  containing  a crack  equal  to  or  sisaller  than  Ao  could  fall 
catastrophically.  In  operation,  components  would  be  Inspected  at  the  end  of  the  design  life, 
or  some  fraction  thereof,  and  only  those  components  containing  cracks  equal  to  or  greater  than 
Ag  would  be  retired.  All  others  would  be  returned  to  service.  After  an  additional  Nx  cycle 
those  coisponents  would  again  be  Inspected  and  again  all  disks  with  cracks  larger  than  Ao 
rejected  and  the  remainder  returned  to  service.  In  this  way  the  crack  propagation  residual 
life  Is  continually  rezeroed  to  Aq.  By  following  this  approach,  components  are  only  re- 
jected for  cause  (cracks)  and  the  remainder  are  allowed  to  operate  for  the  maximum  usable 
time." 

In  applying  a replacement-for-cause  scheme,  accurate,  well  characterized  NDE  techniques  are  needed  In 
conjunction  with  reliable  crack  propagation  analyses  to  produce  the  maximum  economic  benefits  from  disk 
service  life  extension,  consistent  with  the  degree  of  conservativeness  dictated  by  safety  of  flight  require- 
ments. A development  program  will  soon  begin  by  the  U.  S.  DOD  Advanced  Research  Projects  Agency  (ARPA)  and 
the  AFML  to  formulate  a co^rehenslve  analysis  procedure  Intended  to  optimize  the  economic  benefits  from 
putting  replacement  on  a more  rational  basis.  Statistical  values  for  uncertainties  In  the  Inspection  process, 
materials  performance,  stresses,  disk  usage  history  and  the  life  prediction  model  employed  will  be  combined 
in  the  analysis.  This  will  allow  trades  to  be  made  between  the  cost  of  disk  replacement  and  the  economy  of 
life  extension  on  the  basis  of  Inspection  cost  and  rlsk-of-fallure  factors. 

More  Accurate.  Versatile  NDE  Systems 

An  i^ortant  long  range  goal  in  NDE  Is  to  possess  the  capability  to  detect  accurately  and  reliably 
critical  flaws  whlla  still  very  small,  astabllahlng  slza,  shape  and  orlantatlon,  and  to  conduct  such 
Inspection  and  avaluatlon  tasks  with  minimum  operator  Intarvantlon.  Early  reliable  flaw  detection  may 


, _ i 


3-6 

allow  either  a repair  before  more  extenalve  and  costly  damage  occurs,  or  accurate  flaw  growth  monitoring 
to  give  a more  economical  life  management  scheme.  Noteworthy  advances  are  being  made  In  several  technology 
disciplines  which,  If  properly  combined,  should  provide  powerful  tools  to  perform  many  such  NDE  functions 
with  unprecldented  accuracy  and  versatility,  and,  as  can  be  concluded  Intuitively,  with  considerable 
economic  payoff  potential. 

In  the  field  of  ultrasonics,  for  example,  researchers  are  working  on  several  methods  to  dimensionally 
characterize  flaws.  Theoretical  modeling  studies  and  experimental  measurements  of  ultrasonic  scattering 
from  geometric  flaw  shapes  are  being  conducted  In  an  effort  to  establish  Identifiable  flaw  type  and  size 
signatures  (Ref  16).  Concurrently,  development  of  direct  real  time  ultrasonic  Imaging  systems  using  trans- 
ducer array  technology  Is  making  progress  toward  describing  flaws  whose  dimensions  are  larger  than  the 
ultrasonic  wave  length  (Ref  17).  The  feasibility  of  an  Indirect  technique  using  an  adaptive  learning  net- 
work (AIN)  approach  to  ultrasonic  signal  processing  has  been  demonstrated  by  Adaptronlcs,  Inc.  to  be  capable 
of  Identifying,  through  signal  feature  analysis,  the  presence  of  flaws  (fatigue  cracks)  as  small  as  0.010 
Inch  (0.2Smm)  (Ref  18),  One  can  reasonably  speculate  that  from  work  of  the  above  type  will  come  reliable 
dimensioning  capabilities  for  small  flaws  at  some  point  In  the  future. 

The  tremendous  strides  being  made  In  the  computer  logic  and  microelectronics  fields  are  expected  to 
have  a major  Impact  on  NDE.  Today,  the  highly  versatile  microcomputer,  made  up  of  low  cost  microprocessor 
components  and  Inexpensive,  high  capacity  memories,  provides  a powerful  cop<putatlonal  tool  that  Is  ready 
to  be  applied  to  the  NDE  function.  With  such  loglc/mlcroelectronlcs  systems.  It  appears  entirely  possible 
to  establish  an  automated  Inspection  procedure  In  which  preprogrammed  command  sequences  control  (1)  the 
probe  scanning.  Including  positioning  (of  the  probe  or  of  the  part  being  Inspected),  (2)  frequency  and  time 
gate  changes,  (3)  the  data  acquisition  and  processing  function  and  finally,  (4)  the  rendering  of  accept- 
reject  decisions  based  on  preprogrammed  criteria.  With  miniature  keyboards,  such  a system  can  be  controlled 
and  easily  reprogrammed  and  Interrogated  In  real-time  by  an  operator  to  perform  additional  Information  dis- 
play and  data  analysis  functions. 

Another  factor  which  will  play  a significant  part  In  determining  the  accuracy  and  versatility  of  NDE 
systems  Is  the  establishment  of  the  optimum  division  of  tasks  between  the  human  and  the  NDE  Instrumentation. 
Ideally  the  unmatched  sensing  and  reprogramming  capabilities  of  the  human  should  be  combined  with  the  speed, 
data  storage,  recall  and  handling  ability  and  consistency  of  the  computer.  Current  studies  are  clearly 
Illustrating,  however,  that  there  is  no  single  way  of  defining  the  effectiveness  of  an  Individual  as  an 
Inspector.  Worse  yet,  it  Is  still  to  be  determined  which  human  characteristics  control  an  inspector's 
basic  proficiency.  Research  and  development  work  to  clarify  behavioral  factors  related  to  superior  NDE 
capabilities,  as  well  as  methods  of  motivation,  will  be  necessary  to  maximize  the  technical  and  economic 
advantages  that  can  be  achieved  through  automation. 

CONCLUSIONS 

While  much  of  this  discussion  has  centered  on  a technical  description  of  current  high  priority  NDE 
efforts  In  the  U.  S DOD,  It  has  been  the  intention  to  emphasize  the  economic  aspects  of  this  technology. 
Quantitative  examples  were  given  whenever  possible.  There  are  many  situations  In  which  the  NDE  function 
will  result  In  an  unavoidable  cost  Increase  to  insure  that  structural  Integrity  and  mission  performance 
requirements  are  met.  In  such  cases,  economic  justification  Is  usually  not  an  Issue.  On  balance,  however, 
the  numerous  Instances  where  substantial  economic  payoff  has  been  derived  from  the  effective  application 
of  NDE  allows  one  to  speculate  on  the  growing  number  of  opportunities  that  may  be  exploited  in  the  future, 
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Fig.  3:  Relative  Cost  Conparlaon  - NDE  Versus  Proof  Test 
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Fig.  4;  Manufacturing  Near  Net  Shape  Turbine  Disks  for  Reduced  Cost 
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Fig.  3:  Required  Production  Inspection  Sensitivity  Needs 
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CAPABILITIES 
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Fig.  6.  Computerized  Ultrasonic  Inspection  of  Complex  Shapes 
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Fig.  7.  Fhotogrammetric  Inspection  of  Major  Assembly  Tools 
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Fig.  10.  Ultrasonic  Scanner  System  for  Outer  Layer  Inspection  with  Fastener  Installed 
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Fig.  12.  CuTTcnt  In-Service  Ultrasonic  Inspection  Method  for  Composite  Aircraft  Structure 
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Fig.  14.  Automated  In-Service  Dltrasonlc  Inspection  Concept  for  Composite  Aircraft  Structures 
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UNFULFILLED  NEEDS  OF  NON-DESTRUCTIVE  INSPECTION  OF  MILITART  AIRCRAFT 

by 

Ving  Coomander  H M Kent  RAF 
Ministry  of  Defence  (Air) 

Old  War  Office  Building 
Whitehall  London  SWl 


INTRODUCTION 

1.  The  Royal  Air  Force  has  been  extreaiely  fortunate  In  that  most  of  its  aircraft  have 
been  designed  nominally  to  a safe  life  philosophy  and  have,  In  practice.  Incorporated 
design  features,  stress  levels  and  materials  which  have  proved  to  be  damage  tolerant  to 
a limited  extent.  Unfortunately,  trends  In  aircraft  design  suggest  that  future  military 
aircraft  designed  to  a safe  life  philosophy  might  be  much  less  tolerant  to  flaws.  These 
trends  include: 

a.  A better  knowledge  of  operational  flight  profiles  and  resulting  air  loads 
together  with  the  use  of  computer  aided  optimisation  techniques  which  enable  a 
more  efficient  structure  to  be  designed,  resulting  in  higher  achieved  stress 
levels  and  lower  hidden  reserves  of  strength.  For  example,  on  3 successive 

US  military  transport  aircraft  designs,  the  stresses  used  in  7075-T6  material 
increased  by  30%  and  60%  respectively  over  the  design  stress  used  for  the  first 
aircraft. 

b.  Ibe  increasing  use  of  high  strength  materials  which  are  decidedly  less 
resistant  to  cracking  and  have  large  variations  in  fracture  toughness  and  other 
material  properties,  and 

c.  The  adoption  of  design  features  which  have  a low  resistance  to  cr«<:k 
propagation  (eg  a single  piece  wing  skin  with  Integrally  machined  stringers). 

2.  Even  with  our  safe  life  design  It  has  been  our  experience  that  cracks  occur  in 
Service  aircraft  earlier  than  predicted  and  not  always  where  expected.  These  almost 
Invariably  arise  from  stress  concentrations  brought  about  by  poor  detail  design,  by 
accidental  damage,  corrosion  pits,  fretted  areas  or  where  the  material  used  Is  not  of  the 
correct  specification.  It  Is  not  surprising  therefore  that  correlation  between  the 
predicted  fatigue  life  and  that  actually  achieved  is  poor.  Although  large  scatter  factors 
are  used  In  an  attempt  to  ensure  safety,  fatal  accidents  due  to  structural  collapse  under 
normal  loadings  have  occured  at  one  third  of  the  "proven"  fatigue  life.  Wherever  such 
defects  arise  It  is  frequently  necessary  to  Impose  severe  re'itrictions  on  flying,  or  even 
to  ground  the  fleet  while  remedial  action  is  taken.  An  Investigation  of  6 safe  life 
combat  aircraft  types  showed  that,  over  an  18  month  period,  there  had  been  13  defects 
which  caused  flying  restrictions  to  be  imposed  and  40  defects  which  reduced  aircraft 
availability  while  they  were  rectified.  On  one  full  scale  fatigue  test  aircraft  specimen 
over  250  fatigue  cracks  have  been  Identified  although  only  one  third  of  the  proposed  test 
programne  has  been  completed.  The  conclusion  Is  that  past  and  present  methods  of  design, 
construction  and  maintenance  certainly  do  not  achieve  optimum  life  cycle  costs  and  it  Is 
doubtful  If  acceptable  standards  of  Integrity  of  military  aircraft  are  preserved  through- 
out their  lives. 

3.  The  Royal  Air  Force  is  therefore  adopting  a damage  tolerant  design  philosophy  similar 
to  but  probably  not  identical  with  the  American  MIL  SPEC  A83444,  The  basis  of  such  a 
philosophy  vitally  depends  on  an  ability  to  find  structural  defects  before  they  cause  a 
catastrophic  failure.  This  resembles  the  familiar  "fall  safe"  design,  with  one  essential 
difference.  In  the  past  catastrophic  failures  on  fall  safe  structures  were  avoided  by 
visual  detection  of  the  significant  defects.  There  are  frequent  occasions  today  where 
significant  defects  are  smaller  than  can  be  detected  visually,  and  in  extreme  cases,  by 
any  known  method.  As  a result  Non  Destructive  Inspection  Is  assuming  much  greater 
Importance. 

UK  NDI  Military  Organisation 

4.  Until  recently,  research  In  the  United  Kingdom  has  been  proceeding  along  parallel 
lines  of  development  In  many  branches  of  science,  but  In  a relatively  unco-ordlnated 
manner.  This,  for  NDI,  has  now  been  resolved  by  the  formation  In  1975  of  an  NDT  Co- 
ordinating Committee  whose  task  is  to  provide  the  means  of  communication  and  discussion 
between  meBbers  on  NDI  matters  and  to  make  recommendations  relating  to  the  co-ordination 
of  defence  NDI  research  and  policy.  Annex  A shows  the  membership  which  is  from  some  20 
different  UK  organisations  dealing  with  over  40  NDI  methods  ranging  from  optical  holo- 
graphy to  vibration  analysis. 

5.  Hie  creation  of  this  Co-ordinating  Connlttee  provided  a focus  for  general  concern  that 
there  were  unfulfilled  needs  of  NDI  that  were  not  getting  sufficient  attention,  not  only 
In  research  for  future  generations  of  aircraft  but  also  in  the  maintenance  of  the  air- 
worthiness of  current  aircraft.  A working  party  was  created  In  1976  to  Identify  and 
action  these  unfulfilled  needs  of  NDI.  The  remainder  of  this  paper  is  based  on  the 
military  Input  to  that  working  party  together  with  some  personal  observations. 
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Sole  Unfulfilled  Needs  of  NDI 

6.  The  need  for  economy  demanded  extensions  of  the  lives  of  our  aircraft  at  about  the 
same  time  as  composite  materials  were  beginning  to  dominate  UK  research  into  aircraft 
structures.  The  detection  of  defects  in  the  metallic  materials  of  UK  military  aircraft, 
including  Naval  and  Army  aircraft,  has  therefore  been  mainly  the  prerogative  of  the  Royal 
Air  Force,  leaving  our  research  and  development  (RAD)  authorities  to  concentrate  on  the 
non-destructive  evaluation  of  composite  materials.  In  retrospect  this  was  a mistake, 
since  uniformed  personnel  have  neither  the  resources  nor  continuity  in  post  required  to 
keep  pace  with  the  rapidly  expanding  technology  of  NDI.  The  first  unfulfilled  need  is 
therefore  for  an  effective  RAD  authority  to  anticipate  In-Service  NDI  problems  and  carry 
out  appropriate  research  to  provide  the  maintenance  engineer  with  timely  cost-effective 
test  equipment. 

7.  It  is  of  Interest  to  note  that  the  United  States  identified  a similar  need  and 
started  a comprehensive  research  programme  to  improve  their  NDI  capabilities.  This 
programme  was  stimulated  by  the  crash  of  the  FlllA  and  the  extremely  expensive 
modifications  required  to  the  C5A  centre  wing.  The  Hay  1976  issue  of  the  British  Journal 
of  NDT  Included  an  excellent  review  (1)  by  Hr  D H Forney  Jr.  The  USAF  are  spending  about 
$2.5H  in  1977  on  NDI  research.  One  of  their  major  programmes  into  reliability  of 
detection  is  due  to  end  this  year.  The  results  should  prove  to  be  of  extreme  Interest  to 
both  designers  and  maintenance  engineers. 

8.  The  most  serious  unfulfilled  need  of  NDI  seems  to  be  in  the  lack  of  awareness  by  the 
structtiral  designer  of  the  need  for  In-Service  Inspection.  Despite  an  excellent  paper  by 
Lambert  and  Troughton  at  the  1967  International  Congress  on  Aircraft  Fatigue  on  "The 
Importance  of  Service  Inspection  in  Aircraft  Fatigue"  (2),  many  examples  can  be  given  where 
problems  have  arisen  on  aircraft  but  it  has  proved  to  be  impossible,  or  extremely  expensive 
in,  manhours  to  obtain  access  for  inspection  to  determine  the  condition  of  the  remainder 

of  the  fleet.  For  example: 

a.  A commercial  airliner  is  suffering  from  corrosion  in  its  fuel  tanks.  A 
routine  Inspection  for  corrosion  damage  took  17  men  over  3 days  to  do,  a total 

of  about  500  man  hours.  The  airline  company  developed  its  own  NDT  test  set  which 
allows  2 men  to  do  the  same  inspection  in  ) hour,  a total  of  1 manhour. 

b.  Another  example  shows  a saving  of  up  to  90%  of  the  inspection  costs 
"envisaged"  by  the  designer.  The  front  pressure  bulkhead  stringer  brackets 

of  a large  bomber  type  tended  to  crack.  To  gain  access  fcr  visual  examination 
cost  over  £3000.  By  using  radiography  the  items  may  be  examined  satisfactorily 
for  only  £60. 

c.  On  a combat  aircraft  it  was  required  to  find  a critical  crack,  of  length 
O.Snm  under  the  head  of  a countersunk  fastener.  The  limits  of  present  detection 
capability  have  been  evaluated  by  an  American  aircraft  company.  Annex  B shows 
the  very  low  probability  of  detection  of  such  short  crack  lengths,  even  assuming 
one  knows  where  to  look.  In  the  event  an  aircraft  was  lost  due  to  wing  failure. 

d.  Almost  as  bad  is  the  example  of  an  helicopter  tail  support  for  the  tail 
rotor.  What  appears  to  be  a relatively  straightforward  design  is  a completely 
enclosed  box  structure  with  no  internal  access  at  all. 

9.  These  examples  are  only  a few  from  many  and  should  vividly  illustrate  that  generally, 
in  the  past,  aircraft  designers  have  not  paid  sufficient  attention  to  the  Inspection 
problem,  A code  of  practice  needs  to  be  specified  and  internationally  agreed  by  aircraft 
designers.  This  should  require  them  to  consider  bow  each  of  their  designs  are  to  be 
Inspected,  Initially  during  production  to  guarantee  the  Initial  flaw  assumptions  made,  and 
then  during  operation  so  a good  probability  exists  of  detecting  significant  degradation 

in  time  to  effect  an  economic  repair  and  certainly  before  catastrophic  failure  becomes 
likely. 

ERGONOHICS 

10.  This  leads  conveniently  to  another  unfulfilled  need,  that  of  knowing  the  detection 
capabilities  of  our  operator/equipment  systems.  An  NDI  technician's  performance 
deteriorates  with  time  at  the  Job  since  be  often  works  in  cold,  wet,  cramped  conditions 
on  a repetitive  boring  task  with  equipment  of  problematical  detection  capability.  Annex 
C shows  how  reliable  detection  becomes  less  probable  with  cracks  less  than  about  3 mm  in 
length.  Hedical  research  is  required  to  determine  when  the  technician's  level  of  per- 
formance drops  to  unacceptable  levels  under  specific  conditions.  A good  example  exists 
with  one  type  of  transport  aircraft  (not  of  UK  origin).  It  is  necessary  to  inspect  some 
4000  fastener  holes  on  each  aircraft  once  every  9 months  to  detect  any  crack  approaching 

1 mn  long  in  the  material  under  the  head  of  any  of  the  countersunk  fasteners.  The  operator 
is  required  to  work  out  in  the  open  air.  When  checking  the  2000  fastener  boles  in  the 
lower  surface  of  the  wing  the  NDI  probe  has  to  be  held  above  the  operator's  head,  manipu- 
lating it  quite  precisely,  yet  generally  at  the  same  time  having  to  watch  the  test  set 
located  at  his  feet  for  signs  of  a defect  indication.  Estimates  are  that  he  has  about  a 
15%  chance  of  finding  significant  defects  during  this  two  day  operation.  Clearly  he  has 
a reasonable  chance  of  detection  on  the  first  fastener  but  one  hesitates  to  estimate  what 
bis  efficiency  is  at  the  109Bth  fastener.  Huch  better  detection  capability  is  possible 
if  the  fasteners  are  first  removed  but  a conservative  estimate  is  about  $100  as  the  cost 
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of  removing  end  replacing  each  fastener.  It  Is  obvious  that  urgent  research  Is  required 
Into  the  ergonomics  of  NDI  test  equipment.  Annex  D gives  the  main  NDT  methods  In  use  In 
the  RAF  and  the  numbers  of  each  technique  Issued  during  the  last  three  years.  In  most  of 
these  there  are  limitations  Imposed  by  the  ergonomics  of  the  task.  Effective  research 
would  be  amply  rewarded  with  faster,  more  reliable  Inspection. 

11.  A further  way  of  Improving  the  ergonomics  of  NDI  and  at  the  same  time  improving  the 
probabilities  of  detection  lie  In  automation.  There  Is  a need  to  plot  the  progress  of 
fatigue  damage  from  Its  Inception,  whether  It  originates  from  a discontinuity,  from  grain 
boundaries,  a material  dislocation,  or  even  from  a minute  Initial  flaw  present  In  the 
structure  on  delivery.  It  is  hoped  that  automation  will  minimise  reliance  on  the 
subjective  Judgement  of  the  technician  and  also  provide  permanent  records  of  crack  growth 
rates  so  important  In  a damage  tolerant  design  philosophy. 

CURRENT  PROTLEMS 

12.  The  above  example  of  the  2000  fastener  boles  to  be  inspected  also  illustrates  the 
most  serious  practical  problem,  that  of  locating  and  sizing  small  cracks  ( 1 am)  beneath 
fasteners.  In  fastener  holes  and  In  multl-lamlnate  construction.  One  of  the  big  problem 
In  Inspection  of  aircraft  is  the  large  area  to  be  examined,  often  in  Inaccessible 
locations.  The  structures  are  so  complex  that  It  la  quite  possible  to  miss  large  surface 
cracks  despite  careful  visual  examination,  particularly  when  specially  treated  and  painted 
surfaces  are  involved.  There  Is  an  unfulfilled  need  for  a general  search  tool.  At  Its 
simplest  this  could  be  an  Illuminating  steerable  flexible  flbrescope,  possibly  led  through 
built-in  tubes  in  the  structure  to  permit  visual  access  to  otherwise  Inaccessible  areas. 
With  the  exceptions  of  visual  Inspection,  and  the  Blade  Inspection  Method  on  helicopters, 
the  NDI  technician  still  needs  to  be  told  fairly  precisely  where  to  look  and  what  to  look 
for  if  he  Is  to  have  a reasonable  chance  of  finding  small  defects.  Even  then,  reaction 

of  the  test  equipment  to  specific  types  of  defect  can  only  be  determined  by  adjusting  the 
sensitivity  of  the  equipment  in  relation  to  a fully  representative  specimen  defect  In  a 
similar  piece  of  structure.  Only  In  this  way  can  spurious  Indications  be  allowed  for  In 
the  actual  inspection  technique  adopted.  There  Is  therefore  an  unfulfilled  need  for  an 
ability  to  manufacture  representative  defects  so  NDI  technicians  can  calibrate  test 
equipments  for  optimum  sensitivity  before  searching  for  defects  In  aircraft. 

13.  In  the  long  run,  a search  tool  Is  needed  which  will  monitor  complete  aircraft  for 
significant  defects  at  negligible  cost.  Perhaps  the  answer  lies  In  the  use  of  acoustic 
emission  or  perhaps  In  holography.  Whatever  the  answer  much  research  Is  urgently  required 
If  the  need  Is  to  be  met  In  a reasonable  timescale. 

THE  IDEAL  IN  NDI 

14.  It  may  be  helpful  to  define  the  Ideal  NDI  situation.  If  an  airframe,  its  engines  and 
systems  are  all  capable  of  operating  to  the  required  performance  throughout  their  lives 
then  the  operators  do  not  wish  to  ta)(e  any  action  at  all.  Only  if  that  performance  Is 
threatened  do  we  wish  to  know  and  then  only  passively.  Ideally  we  need  cheap,  perfect, 
automated  in-flight  monitoring.  If  a significant  defect  occurs  we  wish  to  be  Immediately 
alerted,  the  pilot  should  be  given  gu'idance  on  his  conduct  of  the  remainder  of  the  flight, 
whilst  the  maintenance  engineer  on  the  ground  needs  an  automatic  readout  on  the  precise 
location,  size,  orientation,  significance,  rate  of  propagation  and  time  to  economic  repair 
of  the  defect.  The  time  to  economic  repair  Is  Important  since  much  money  is  wasted 
replacing  components  when.  If  only  the  defect  had  been  Identified  early  enough,  it  may 
have  been  possible  to  eliminate  it,  say  by  reaming  out  a cracked  fastener  bole  to  the 
next  oversize.  A typical  Illustration  of  crack  growth  emphasises  this  point.  Fracture 
mechanics  predict  for  a particular  structural  application  that: 

a.  If  an  Initial  detectable  flaw  size  Is  0.25  mm  the  crack  will  be  25  mm  long 
after  a further  3000  flights. 

b.  provided  reliable  detection  of  the  flaw  can  be  made  when  It  Is  only  0.125  mm 
long  ie  half  of  the  previous,  then  It  will  only  grow  to  0.6  nm  In  length  after 
the  same  number  of  additional  flights.  This  second  case  is  clearly  a much  easier 
situation  for  the  maintenance  engineer  to  repair  at  much  less  cost. 

This  requires  an  accuracy  and  reliability  of  detection  quite  beyond  present  day  capability. 
Periodic  monitoring  of  such  cracks  will  then  determine  when  best  to  initiate  remedial 
action.  In  this  way  airworthiness  may  be  maintained  at  minimum  cost  and  at  the  same 
time  avoid  the  many  crisis  management  situations  which  arise  under  the  safe  life  design 
philosophy . 

CORROSION 

15.  One  must  not  be  misled  Into  thinking  that  a defect  occurs  solely  due  to  fatigue 
damage.  Corrosion  Is  becoming  more  Important,  not  only  as  an  Initiation  site  for  fatigue 
but  In  Its  own  right  as  the  lives  of  aircraft  fleets  continue  to  be  extended  on  economic 
grounds.  Some  individual  aircraft  are  nearly  40  years  old  and  some  operational  fleets  of 
aircraft  are  about  25  years  old.  An  unfulfilled  need  exists  to  Identify  and  monitor  the 
progress  of  corrosion  and  to  assess  Its  significance. 


BBSTnnAL  AMD  THERMAL  STRESS 


16.  These  are  sooe  of  the  current  needs  of  NDI  but  there  Is  s need  for  nore  fundsmental 
thinking.  For  example,  what  residual  stresses  are  accidentally  built  Into  an  aircraft 
during  manufacture?  As  an  exaaqple.  Inaccurate  assembly  methods  have  Introduced  higher 
mean  stresses  In  a cooA>at  aircraft  centre  section  than  the  designer  Intended.  As  a result 
stress  corrosion  cracking  has  occurred  unexpectedly  Introducing  extremely  high  inspection 
workloads  to  ensure  aircraft  safety.  There  is  a need  for  NDI  test  sets  for  use  during 
manufacture  to  identify  such  unintended  residual  stresses,  and  to  identify  stress 
corrosion  cracking  at  an  early  stage.  Degradation  of  material  properties  may  follow 
thermal  cycling.  How  can  this  degradation  be  measured? 

ADHESIVE  BONDING 


17.  It  would  appear  that  no  NDI  method  has  yet  been  found  which  will  give  confidence  that 
work  pieces  are  correctly  bonded  together  in  manufacture.  Neither  Is  there  an  NDI  method 
which  will  monitor  the  Integrity  of  the  bond  under  service  conditions.  There  is  clearly 
a need  for  effective  NDI  of  adhesive  bonding  and  its  deterioration  in  Service.  The  problem 
is  not  If  the  structure  Is  still  bonded  together  but  what  residual  strength  is  there  in  the 
bond  which  appears  to  be  Intact. 


OTHER  NEEDS 

18.  Discussion  so  far  has  In  the  main  been  related  to  aircraft  structures.  Experience 
shows  that  at  least  as  many  aircraft  are  lost  due  to  engine  failure  as  to  structural 
collapse.  Several  techniques  are  In  use  In  the  Royal  Air  Force  to  monitor  the  condition 
of  engines.  Until  recently  these  have  been  confined  to  very  limited  visual  inspection 
and  of  monitoring  wear  in  the  engine  by  examining  the  particles  circulating  in  Its 
lubricating  fluids.  Vibration  analysis  has  now  been  Introduced  as  an  NDI  method.  It 
promises  to  be  a powerful  tool  In  Identifying  defective  rotating  components.  Despite 
this  advance  there  still  remains  the  need  to  detect  at  an  early  stage,  foreign  object 
damage,  blade  creep,  turbine  disc  or  blade  cracking,  combustion  chamber  cracking,  or 
Indeed  the  many  modes  of  possible  failure  present  on  current  designs  of  aero-engines. 

Other  problems  exist  In  finding  Incipient  defects  In  hydraulic  and  fuel  pipelines.  Should 
discussion  be  confined  to  materials?  In  the  field  of  NDI  can  no  one  produce  a test  set 

to  detect  the  source  of  leaks  of  fluids,  or  even  the  state  of  charge  of  batteries? 

TRAINING.  CERTIFICATION  AND  STANDARDS 

19.  Even  with  excellent  NDI  equipment  the  detection  of  significant  defects  relies 
currently  on  the  skill  of  the  technician.  It  is  disturbing  to  read  that  the  President  of 
the  American  Society  for  NDT  quotes  an  NDI  expert  as  saying  that  the  NDT  certification 

of  some  of  the  military  inventory  as  pure  falsehood.  There  Is  a need  for  universal 
support  for  the  creation  of  international  standards  for  training,  certification  and  main- 
tenance of  standards  for  all  NDI  technicians  be  they  military  or  civilian,  engaged  in 
aerospace  or  any  other  engineering  discipline. 

CONCLUSION 


20.  For  the  more  conventional  metallurgical  areas,  we  foresee  future  problems  arising  in 
the  NDI  of  inertial  bonding  of  dissimilar  materials,  the  diffusion  bonding  of  titanuim 
alloys,  of  materials  manufactured  through  powder-type  routes  and  also  in  determining  the 
effects  of  thermal  degradation  and  work  hardening.  There  seems  little  doubt  that  future 
aircraft  will  incorporate  considerable  composite  structure.  The  Royal  Air  Force  has  no 
experience  in  the  NDI  of  composite  materials.  However  the  problems  of  determining  the 
degradation  of  composites  are  so  different  from  those  associated  with  metals  that  NDI 


research  has  been  progressing  in  parallel  with  the  development  of  composites.  It  is  hoped 
that  aircraft  designs  in  composites  will  have  NDI  techniques  specified  as  part  of  their 
airworthiness  certification.  This  paper  has  tried  to  illustrate  some  of  the  NDI  problems 
facing  the  engineer  concerned  with  maintaining  the  airworthiness  of  military  aircraft. 

In  the  time  available  only  a few  of  the  more  urgent  needs  have  been  considered  but  one 
hopes  that  the  potential  of  NDI  will  soon  receive  the  attention  it  richly  deserves  as  a 
means  of  optimising  not  only  airworthiness  but  life  cycle  costs. 
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ANNEX  A 


Officers  k Membership  of  the  Co-ordinating  Comnittee  for  NDT  at  January  1976 

Chairman;  Head  of  Materials  Department 

Royal  Aircraft  Establishment 
FARNBORODOI 

Hants  Aldershot  24461,  Ext  2029 

Secretary:  AQP  Laboratories 

Harefleld 
Uxbridge 

Middlesex  UB9  6BB  Harefleld  3161,  Ext  13 


Membership 
Abbreviation 
AML 
AWRE 
DR  MAT 
HVEE 
NAML 
NCRE 
RPE 
RAE 
RARDE 
A<5P 

DC  Ships 
DNOS 
HOP 
MQAD 
QAO/rVE 

QAD/W 
C8DX 
Air  Eng 
REME 

SB  AC 


Establlshment/Branch 
Admiralty  Materials  Laboratory 
Atomic  Weapons  Research  Establishment 
Directorate  of  Research,  Materials 
Military  Vehicles  k Engineering  Establishment 
Naval  Aircraft  Materials  Laboratory 
Naval  Construction  Research  Establishment 
Rocket  Propulsion  Establishment 
Royal  Aircraft  Establishment 

Royal  Armament  Research  k Development  Establishment 

Aeronautical  Quality  Assurance  Directorate 

Director  General,  Ships 

Directorate  of  Naval  Ordnance  Services 

Electrical  Quality  Assurance  Directorate 

Materials  Qtiality  Assurance  Directorate 

Quality  Assurance  Directorate  (Fighting  Vehicles  k 
Engineer  Equipment) 

Quality  Assurance  Directorate  (Weapons) 

Central  Servicing  k Development  Establishment  (RAF) 
Ministry  of  Defence  Air  Eng  30d  (RAF) 

Workshop  Technology  Branch,  REME  Support  Group 
Ex-offielo  MeiWber 

Society  of  British  Aerospace  Companies 
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NB.  To  contact  the  appropriate  representative  at  each  of  the  above  sstabllshments 
an  initial  approach  should  be  made  to  the  Secretary  of  the  CoMlttee. 


TABLE  I 

ESTABLISHMENT'  INTERESTS  ft  ACTIVITIES 
METHODS  OF  N(W-DESTRCCTIVE  TESTING 


Establishments 


Radiography,  Low  Energy  X-rays 
" Med  " " 

" High  " 

” High  Definition 

X-rays 

" Gamna-rays 

" Neutrons 

Fluoroscopy,  Conventional 

" Image  Intensifier/ 

Amplifier 

" Cine  Recording 

" Video  Tape  Recording 

Luminescent  Panels 
Image  Enhancement 
Thickness  Gauging,  Beta-rays 
" " Gamma-rays 

" " X-rays 

Ultrasonics,  Reflection 
” Transmission 

" Resonance 

" Immersion 

" Holography 

Eddy  Currents,  Low  Frequency 
" " High 

Magnetic  Particle 
Penetrants 

Stress  Wave  Emission 
Vibration  Analysis 
Polarised  Light  Interferometry 
Corrosion  Monitoring 
Non-contact  Profile  Measurement 
Training  - Radiological  Methods 
" Radiation  Safety 

Practice 

" Magnetic  ft  Penetrant 

Methods 

" Electrical  Methods 

" Ultrasonics 
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TABLE  II 

ESTABLISHMENTS’  INTERESTS  & ACTIVITIES 
MATERIALS  ft  APPLICATIONS 


* 

1 1 I 

Materials 

1 

w 

H 

< W < 

1 ^ g ! 

3 i 

, b:  s i 

1 

I Q . 

1 

Q ^ W 

< ^ aa  o 

3 a mm 

SB  < . CJ 

O'  o 


Ferrous  Metals 
Non-Ferrous  Metals,  Heavy 

" " " Light 

CHIP 
GPRP 
Plastics 
Rubber 
Textiles 
Adhesives 
Explosives 
Si  C Impreg 
Durestos 
Lubricants 
R-A  Materials 

(other  than  Y-rady  sources) 
Fissile  Materials 


Applications 


Sheet 

Extrusions 

Tubing 

Forgings 

Castings 

Mouldings 

Weldments 

Rocket  Motors 

Aircraft  Structures 

Fabrications 

Ship  Hulls 

Finished  Components 

Assemblies 

Bonded  Structures 

Survival  Equipment  ft  Clothing 

Electronic  Circuits  ft  Components 


SENSITIVITY  RATIO 


ANNEX  C 


CRACK  LENGTH  (mm) 


SENSITIVITY  OF  THE  FIVE  NOT  METHODS  TO  SURFACE  FLAWS 


IN  PROGRAM  SPECIMENS 


{after  H.  Southworth} 
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SESSION  I 
Rapporteur's  Report 

by 

J.A.Dunsby 

Head,  Structures  and  Materials  Laboratory 
National  Aeronautical  Establishment  — NRC 
Ottawa,  Ontario  KIA  OR6,  Canada 


The  first  four  papers  presented  at  this  meeting  are  concerned  with  the  overall  problems  of  non-destructive  inspection 
and  with  current  and  future  needs.  While  each  of  the  papers  approaches  the  subject  from  a different  viewpoint  and  with 
different  emphases,  there  is  a remarkable  coherency  and  a number  of  recurrent  themes.  Perhaps  the  most  important  of 
these  is  the  need  to  make  designers  more  aware  of  the  needs  and  problems  of  the  inspector  and  of  the  potential  economic 
benefits  of  properly  planned  inspection  schemes. 

Attention  to  the  need  for  awareness  on  the  part  of  the  designer  is  drawn  by  the  first  paper  presented,  that  of  Bolis. 
He  emphasizes  that  inspection  is  not  a subject  that  can  be  treated  in  isolation.  The  problem  is  not  simply  that  of  finding 
cracks  or  other  defects  but  also  that  of  assessing  their  consequences.  It  is  important  therefore  that  the  inspector  be  told 
where  and  when  to  look  for  defects  and  that  the  loop  be  closed  by  a proper  evaluation  of  his  findings  by  means  of 
fracture  mechanics  techniques.  Bolis  suggests  that  a more  appropriate  term  to  cover  the  problem  is  “non-destructive 
evaluation’’. 

The  topic  of  the  evaluation  of  the  consequences  of  cracks  is  taken  up  by  Antona  with  particular  reference  to  damage 
tolerant  design.  The  latter  demands  close  cooperation  between  designer  and  inspector. 

The  paper  by  Kent  presents  several  examples  of  the  physical  difficulties  of  inspecting  current  aircraft  and  of  the 
high  costs  of  these  inspections.  In  some  of  his  examples,  operators  have  been  able  to  devise  inspection  techniques  that  are 
orders  of  magnitude  faster  and  cheaper  than  those  suggested  by  the  manufacturer.  In  others,  effective  inspection  is 
virtually  impossible.  Clearly  there  is  a case  for  better  dialogue  between  designers,  inspectors  and  operators. 

While  the  need  for  designers  to  inform  inspectors  of  anticipated  cracks  is  clear,  it  is  an  unfortunate  fact  that  many 
unanticipated  failures  have  occurred  in  the  past  and  more  will  undoubtedly  occur  in  the  future.  While  some  of  these 
failures  have  been  the  result  of  oversights  on  the  part  of  the  designer  or  of  manufacturing  errors,  by  no  means  all  of  them 
can  be  attributed  to  the  manufacturer  as  he  has  no  control  on  how  his  product  will  be  used.  As  one  speaker  pointed  out 
in  the  discussion,  even  a properly  conducted  fatigue  test  on  a multi-role  aircraft  will  not  show  up  all  possible  failure 
modes.  Furthermore  there  are  countless  possibilities  of  accidental  service  damage  of  many  different  kinds.  There  is, 
therefore,  a potential  hazard  in  a designer  being  too  specific  in  laying  down  his  requirements  for  inspections.  The  inspec- 
tor must  monitor  the  whole  aircraft  for  significant  defects,  both  anticipated  and  unanticipated.  To  achieve  this,  as  Kent 
points  out,  he  needs  a search  tool  that  is  easier  and  faster  to  use  than  the  human  eye  upon  which  he  is  now  dependent. 
There  are  possibilities  that  acoustic  emission  or  holography  might  provide  useful  tools  in  this  context. 

Another  recurring  theme  in  the  papers  is  that  of  the  problems  of  inspecting  fasteners.  The  defect  sizes  of  importance 
in  the  structures  that  are  joined  are  often  so  small  that  they  are  covered  by  the  fastener  heads.  The  cost  of  removal  and 
replacement  of  individual  fasteners  for  inspection  of  the  members  that  they  join  is  high  and  the  large  numbers  involved 
make  the  total  cost  prohibitive.  These  same  large  numbers  pose  a major  problem  in  that  when  conducting  conventional 
ultrasonic  inspections  with  hand-held  probes,  operator  fatigue  becomes  a serious  consideration  in  the  reliability  of  the 
inspection.  The  problem  is  frequently  aggravated  by  the  lack  of  ergonomic  considerations  in  the  design  of  the  test  sets 
or  in  the  planning  of  the  inspection  schemes.  The  example  quoted  by  Kent,  of  a hand-held  probe  being  used  on  a row  of 
fasteners  in  the  lower  surface  of  a wing  skin  with  the  indicator  virtually  at  the  operator’s  feet  should  be  sufficient  to 
convince  one  that  better  methods  are  an  urgent  need. 

In  this  latter  context,  the  paper  by  Forney  and  Cooper  shows  hope  for  the  future  in  that  it  reveals  a number  of 
promising  attempts  at  automating  the  non-destructive  inspection  process  including  not  only  both  ultrasonic  and  multi- 
frequency eddy  current  scanner  systems  for  fasteners  but,  perhaps  more  exciting,  a fully  automated  computer-controlled 
ultrasonic  inspection  concept. 


Rl-2 


The  economi'.a  of  non-destructive  inspection  have  not  received  much  attention  in  the  past  and  for  this  reason  the 
paper  by  Forney  and  Cooper  makes  particularly  interesting  reading.  While  the  costs  of  developing  full  automated  systems 
is  high,  the  payoff  in  terms  of  speed  and  reliability  of  inspection  can  be  such  that  they  are  fully  justified  and  cost- 
effective.  The  introduction  first  of  the  mini-computer  and  now  of  the  micro-processor  have  opened  many  doors  for 
automated  inspection,  decision  making  and  record  keeping  and  it  is  in  these  directions  that  we  can  perhaps  hope  to  see 
m^or  advances  in  the  future. 


DISCUSSION  SUMMARY 
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C. W.Hope  (UK) 

We  can  present  ourselves  from  the  NDT  side  of  industry  as  a medium  for  co-ordination  and  interpretation  of 
structural  information  for  the  following  reasons; 

First  of  all,  we  are  involved  in  design  to  ensure  inspectability  of  the  end  product. 

Secondly,  we  have  the  means  of  establishing  the  structural  proof  testing  data  as  a monitor  for  failure  initiation  and 
crack  propagation,  leading  to  realistic  specifications  of  acceptance  levels  for  defects. 

Thirdly,  we  are  able  to  anticipate  and  find  defects  at  an  early  stage  of  production  to  ensure  a suitable  product  at  the 
most  economic  cost. 

Finally,  we  are  involved  in  product  support:  in  the  light  of  the  knowledge  obtained  in  the  three  points  already 
mentioned,  we  can  derive  practical  in-service  NDI  techniques.  I therefore  submit  that  NDl  is  the  only  discipline 
involved  in  all  these  four  steps  from  the  design  to  the  death  of  a product. 

T.Sharples  (UK) 

The  USA  paper  (Forney,  Cooper  and  Rowand)  emphasised  the  need  for  the  development  of  automated  ultrasonic 
techniques.  Are  these  able  to  detect  defects  only  in  the  first  layer,  or  can  we  expect  them  to  detect  cracks  in  the 
lower  layers? 

Wing  Commander  Dawson  stated  that  research  in  the  USA  led  to  the  conclusions  that  there  is  only  a 20%  probability 
of  finding  a 1 mm  crack  irrespective  of  material,  position  in  the  structure,  or  technique.  Since  Mr  Forney  said  we  can 
expect  to  find  cracks  of  0.4  mm,  perhaps  the  apparent  discrepancy  between  these  statements  could  be  clarified. 

D. M.Forney  (US) 

With  regard  to  the  problem  of  finding  cracks  in  two  layers,  our  approach  to  this  problem  is  to  use  a multi-frequency 
eddy  current  probe  which  is  in  development  using  three  separate  frequencies  simultaneously  of  90  Hz,  300  Hz  and 
1 200  Hz.  We  use  a computer  to  analyse  each  of  the  three  return  signals,  and  we  are  able  to  identify  combinations 
of  perturbations  in  the  eddy  current  signal  that  indicate  the  presence  of  a crack  in  the  second  layer.  Thus  we  are 
able  to  combine  the  depth  penetration  of  the  low  frequency  signal  with  the  sensitivity  of  the  high  frequency  signal. 

At  present  we  are  able  to  detect  flaws  of  the  order  of  0.3  in. 

A second  approach  is  to  use  a low  frequency  (about  500  Hz)  eddy  current.  This  is  a process  which  is  being 
developed  by  the  Boeing  Company  for  commercial  application,  and  the  probe  can  now  detect  a crack  about  0.5  in 
in  length.  Both  of  these  probe  designs  are  expected  to  be  ready  for  field  evaluation  by  the  end  of  this  year. 

When  I referred  to  finding  flaws  of  0.4  mm  in  length,  1 was  referring  to  flaws  in  the  interior  of  a solid  piece  of  struc- 
ture such  as  a turbine  disc.  I think  Wing  Commander  Kent’s  paper  was  referring  to  flaws  coming  from  bolt  holes, 
which  is  a quite  different  kind  of  problem. 

R.  Dawson  (UK) 

In  the  Royal  Air  Force  we  have  something  like  40  technicians  who  are  well  trained  in  the  detection  of  small  cracks, 
but  they  differ  one  from  the  other  in  their  interpretation,  so  we  have  to  be  very  careful  that  we  do  not  ask  them  to 
find  cracks  which  are  so  small  that  whilst  one  or  two  technicians  are  capable  of  finding  the  cracks,  the  others  will 
fail.  We  must  have  confidence  in  the  work  that  these  inspectors  are  doing. 

With  regard  to  the  remarks  made  by  Mr  Hope,  I accept  that  designers  today  are  designing  for  inspectability  much 
better  than  they  need  to  do.  I must  emphasise,  however,  that  we  also  would  like  better  inspectability  in  our  old 
aircraft. 

S. Han^ud  (US) 

I would  like  to  ask  a question  regarding  the  UK  paper,  in  which  mention  was  made  of  acoustic  emission.  I would 
like  to  know  what  it  is  used  for. 

R. Dawson  (UK) 

I am  sorry  if  Wing  Commander  Kent's  paper  has  misled  the  questioner.  We  do  not  have  any  acoustic  emission  work 
going  on  in  the  Royal  Air  Force;  what  he  was  trying  to  indicate  was  that  there  is  a need  for  research  in  this  field. 
Perhaps  our  development  teams  will  find  something  on  the  lines  of  acoustic  emission  to  help  us,  so  that  while  air- 
craft are  in  flight  pilots  may  have  an  indication  that  there  is  a problem  and  be  able  to  return  to  base  in  safety.  In 
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particular,  it  would  be  useful  to  be  able  to  detect  the  very  tiny  critical  cracks  which  occur,  for  example,  in  welded 
structures. 

T.Gaymann  (GE  — Session  Chairman) 

1 am  afraid  1 have  a difference  of  opinion  here  and  I think  I should  quote  Dr  Bolis’  paper.  If  you  have  tiny  cracks 
which  you  wish  to  watch  during  flight,  then  either  the  design  is  wrong  or  the  wrong  material  has  been  used.  This  is 
not  a problem  for  the  NDI  man,  but  a problem  for  the  designer  or  the  materials  man. 

R.Dawson  (UK) 

I agree  entirely  with  our  Chairman’s  remarks.  We  do  not  want  this  sort  of  structure  in  our  aircraft,  but  unfortunately 
we  seem  to  be  getting  it  and  we  are  very  worried  about  it.  Of  course  you  can  get  into  trouble  if  you  use  an  aircraft 
in  a different  way  to  the  role  for  which  it  was  designed  or  if  there  is  some  design  error,  but  1 agree  that  the  basic 
design  should  avoid  problems  of  this  nature. 

D.E.W.Stone  (UK) 

I would  like  to  say  that  whilst  there  may  be  no  work  on  acoustic  emission  within  the  Royal  Air  Force,  the  British 
Ministry  of  Defence  has  a lot  of  activity  in  this  field.  Whilst  1 agree  with  the  comments  that  application  of  acoustic 
emission  to  in-flight  monitoring  is  a sign  of  desparation,  I do  feel  that  there  is  a considerable  need  for  acoustic 
emission  to  be  developed  as  a tool  in  materials  testing  and  as  a monitor  in  the  structural  strength  test.  We  have  still 
to  solve  the  problem  of  detecting  crack  growth  in  the  industrial  environment,  where  electro-magnetic  interference 
and  the  presence  of  other  non-significant  noise  makes  this  very  difficult. 

D.M.Forney  (US) 

I would  like  to  add  my  comment  that  I have  doubts  about  the  usefulness  of  structural  monitoring  during  flight  by 
acoustic  emission.  We  have  had  a case  in  the  USA  where  an  aircraft  was  being  monitored  by  this  means,  and  was 
fitted  with  an  indicator  light  in  the  cockpit.  When  the  light  went  on,  the  pilot,  who  had  apparently  not  been  briefed 
very  well,  got  so  frightened  that  he  crashed.  On  the  other  hand,  in  one  of  our  large  military  aircraft  we  have  four 
panels  in  the  wing  structure,  any  three  of  which  can  handle  the  load,  thus  providing  a degree  of  redundancy.  We 
would,  however,  like  to  know  whether  failure  has  occurred  so  that  the  crew  can  safely  return  to  base.  In  cases  like 
this,  where  we  are  listening  for  a very  large  bang,  there  might  be  some  usefulness  in  monitoring,  but  when  one  is 
listening  to  very  small  cracks  we  have  also  concluded  that  there  is  too  much  other  extraneous  noise,  and  we  have 
retreated  into  a long  range  research  mode. 

W.M.Imrie  (UK) 

My  company  specialises  in  the  manufacture  of  aircraft  landing  gear.  We  are  constantly  looking  for  ways  of  reducing 
our  costs  by  cutting  down  on  NDI,  and  I wish  to  refer  briefly  to  a method  which  we  feel  has  been  successful.  It 
comes  under  the  category  of  “method  improvement"  mentioned  in  one  of  Mr  Forney’s  illustrations. 

Many  landing  gears  use  very  high  tensile  steel  with  a rather  low  fracture  toughness;  all  these  landing  gears  have  to  be 
subjected  to  etch  inspection  to  check  that  there  is  no  grinding  abuse,  which  has  a very  disastrous  effect. 

It  is  common  practice  in  both  Europe  and  America  to  do  this  etching  in  nitric  acid,  which  tends  to  “smut”  due  to 
the  presence  of  carbides  and  other  complex  compounds,  thus  hiding  the  result  of  the  grinding  abuse.  It  is  therefore 
necessary  to  scrub  the  part,  which  is  expensive  and  time  consuming.  The  process  can  be  improved  by  diluting  the 
nitric  acid  with  alcohol,  but  for  large  parts  the  bath  size  makes  the  alcohol  both  expensive  and  dangerous  as  a fire 
risk.  If  water  is  used  to  dilute  the  nitric  acid,  hydrochloric  acid  etching  is  needed  as  a second  etch  to  give  sufficient 
contrast.  This  involves  a further  hazard  of  hydrogen  embrittlement,  and  one  has  therefore  to  de-embrittle  the 
part  before  it  can  be  used. 

Some  time  ago  we  looked  for  a compound  which  could  be  added  to  the  nitric  acid  and  would  stop  the  “smutting” 
occurring.  We  believe  we  have  been  successful  in  this,  and  we  have  also  cut  out  the  necessity  for  hydrochloric  acid 
and  the  consequent  de-embrittlement  process.  We  have  thus  evolved  a process  which  is  going  to  save  us  a lot  of  time 
and  money  and  we  have  supplied  this  new  compound  to  a landing  gear  manufacturer  in  America  who  is  now 
evaluating  it. 

W.G.Heath  (UK  — Meeting  Chairman) 

1 have  been  wondering  about  the  more  philosophical  questions  raised  by  the  Rapporteur,  the  principal  one  being 
how  can  we  bring  the  designer  back  into  the  loop?  Perhaps  at  this  point  I ought  to  drop  the  mask  of  being  the 
Chairman  of  this  meeting  and  reveal  myself  in  my  true  colours  as  a designer. 

Recent  events  in  the  UK  have  caused  designers  to  wonder  what  is  wrong  with  the  fail  safe  philosophy.  In  one  case 
an  aircraft  was  lost  when  a wing  came  off;  in  a second  case  an  aircraft  was  lost  when  the  tailplane  came  off;  in  a 
third  case  a whole  fleet  of  aircraft  has  been  grounded.  All  these  incidents  were  due  to  the  fact  that  cracks  remained 
undetected  for  longer  than  the  designer  intended.  The  question  designers  have  been  asking  is  “How  can  we  bring 
the  inspector  in  the  field  into  the  loop?  We  have  a fail  safe  philosphy  which  designers  understand,  which  the  air- 
worthiness authorities  understand,  and  which  our  NDI  people  within  the  Company  understand.  The  man  who 
doesn  t appear  to  understand  what  we  are  trying  to  do  is  the  inspector  in  the  field.  How  can  we  bring  him  into 
the  loop  and  make  sure  he  understands  what  we  want  him  to  do,  and  also  make  sure  he  will  go  out  and  do  it?” 
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The  answer  to  that  question  has  appeared  at  least  in  part  in  two  of  our  papers  today  - those  by  Dr  Bolis  and  Wing 
Commander  Kent.  The  answer  appears  to  be  “Tell  the  inspector  when  and  where  he  has  to  look”.  That  is  a very 
good  answer  to  the  question  as  far  as  it  goes,  but  unfortunately  it  raises  a further  problem.  Our  experience  has  been 
(and  I am  sure  that  other  peoples'  experience  is  similar  to  our  own)  that  if  we  point  the  inspector’s  nose  too  closely 
at  where  he  must  look  he  misses  enormous  defects  quite  nearby.  If  we  say  to  him  “We  had  a crack  on  the  fatigue 
I test  specimen  in  bolt  hole  number  17  in  row  number  3;  that’s  where  you  should  look”,  he  will  look  at  bolt  hole 

i number  17  in  row  number  3 with  great  care.  He  will  bring  all  his  NDT  equipment  to  bear  on  that  hole  and  will 

i pronounce  it  clean  - but  he  will  miss  a yawning  chasm  at  bolt  hole  number  18  in  row  number  3. 

' On  reflection,  I do  not  think  we  should  talk  about  bringing  designers  into  this  loop  or  inspectors  into  that  loop. 

Really  we  should  be  asking  how  can  we  bring  all  these  people  together  so  that  we  can  tackle  a very  serious  problem. 
We  must  be  sure  of  finding  cracks  before  an  accident  occurs  and  whilst  they  are  still  short  enough  to  be  repaired. 

I 

! T.Gaymann  (GE  - Session  Chairman) 

One  answer  to  this  question  is  to  improve  the  quality  of  the  full  scale  fatigue  test  so  that  you  don’t  get  just  one 
! crack  but  a number  of  cracks.  You  then  bring  the  NDl  man  along  so  that  he  can  see  the  cracks  and  develop  his 

! methods  as  the  full  scale  test  proceeds. 

! R.T.Smith  (US) 

I cannot  suggest  how  this  problem  might  be  solved,  but  1 would  like  to  draw  your  attention  to  the  principle  of 
I privity,  i.e.  the  relationship  of  a happening  to  the  two  bodies  most  directly  involved.  In  the  USA  since  1960  the  idea 

I has  slowly  evolved  that  the  operator  and  the  passengers  are  not  the  only  two  bodies  involved  in  an  accident;  more 

I and  more  cases  are  arising  where  the  designer  is  liable.  One  of  the  ways  in  which  the  designer  can  protect  himself 

I is  to  show  that  he  has  been  aware  of,  and  used,  all  the  standards  which  are  applicable,  and  these  include  a considera- 

tion of  NDI. 

A.R.Bond  (UK) 

i I am  the  unfortunate  person  who  ended  up  with  the  fleet  on  the  ground,  and  I would  like  to  point  out  something 

I which  shows  that  someone  was  paying  attention  to  the  very  point  that  Mr  Heath  raised.  An  aircraft  had  a fuel  leak, 

I and  the  inspector  who  went  to  investigate  saw  a crack  and  called  in  the  NDI  man.  Although  these  cracks  were  in 

secondary  structure,  the  NDI  man  knew  from  his  discussions  with  the  manufacturers  that  these  cracks  were  rather 
close  to  some  bolts  from  which  cracks  had  developed  during  the  fatigue  test.  We  therefore  called  in  the  manufac- 
turers before  we  started  checking  the  aircraft  around  this  critical  area,  so  that  in  this  particular  case  it  was  the  NDI 
man  who  called  in  the  designer.  It  was  not  a case  of  the  NDI  man  missing  a crack  because  he  had  concentrated  too 
closely  on  the  place  which  the  designer  had  defined. 

R. Dawson  (UK) 

This  sort  of  thing  is  happening  to  us  in  the  Royal  Air  Force.  1 must  emphasise  that  we  train  our  men  to  keep  their 
eyes  open  when  we  ask  them  to  examine  an  aircraft.  They  may  have  nothing  to  do  with  structures  - they  may 
simply  be  changing  a black  box  - but  if  they  keep  their  eyes  open  they  may  well  find  a structural  defect. 
Unfortunately  the  human  eye  isn’t  very  efficient,  particularly  when  you  have  paint  and  dirt  and  fluids  around.  We 
need  NDI  equipment  to  find  a small  crack,  but  unfortunately  this  equipment  isn’t  in  use  as  a search  tool;  unless  we 
are  talking  about  gross  cracking,  we  cannot  expect  our  technicians  to  find  defects. 

T.Gaymann  (GE  - Session  Chairman) 

There  is  a possibility  of  using  the  fleet  leader,  suitably  fitted  with  laboratory  type  mstrumentation,  as  a monitor. 
R.Schutz  (GE) 

If  you  have  finished  a full  scale  fatigue  test,  you  have  SOO  to  1000  different  critical  locations  and  much  depends 
upon  the  skill  of  the  NDI  man  in  establishing  when  the  cracks  occurred  and  at  what  frequency  they  should  be 
inspected  in  service. 

W.G.Heath  (UK  - Meeting  Chairman) 

The  problem  is  that  the  fatigue  test  can  never  accurately  represent  what  is  happening  in  service.  This  is  particularly 
true  with  the  civil  market  if  an  aircraft  is  sold  to  many  different  operators  who  operate  them  in  a great  variety  of 
ways.  It  is  also  true  in  the  military  field  when  an  aircraft  is  operated  in  a different  role  every  day.  In  these  cases  you 
can  never  be  sure  which  crack  will  appear  first,  and  you  must  therefore  inspect  all  the  critical  areas,  and  start 
inspecting  as  soon  as  possible.  This  is  where  the  difficulty  arises.  If  you  ask  the  inspector  in  the  field  to  inspect  all 
the  critical  areas,  we  have  the  result  which  was  described  in  Wing  Commander  Kent’s  paper  — the  man  gets  bored 
and  tired  and  fails  to  do  his  Job  efficiently.  If  you  narrow  the  field  so  that  he  has  a limited  area  to  inspect,  he  still 
misses  the  obvious.  This  is  a great  dilemma  and  I don’t  know  how  to  solve  it. 

T.Gaymann  (GE  - Session  Chairman) 

If  the  use  is  different  from  the  fatigue  test  ( I assume  that  the  fatigue  test  is  a very  detailed  one)  then  you  can 
measure  the  difference  by  flight  fatigue  meters  and  so  on.  Calculations  can  then  be  used  to  predict  failures  in 
service. 
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R.MitcheU(UK) 

It  is  a very  difficult  problem  and  I don’t  really  know  the  answer.  1 think  that  most  of  the  defects  we  find  in  service 
can  be  traced  back  to  designers  who  make  mistakes  in  the  detail  design,  and  I would  agree  with  Wing  Commander 
Kent’s  contribution  in  this  respect.  One  answer  therefore  is  to  improve  the  designers’  capability.  Although  some  of 
the  cracks  we  find  in  service  are  predicted  by  the  designer,  I would  suggest  that  the  vast  majority  of  cracks  are  not. 
Perhaps  the  designer  can  look  at  the  structure  and  make  a structural  audit  to  predict  the  zones  that  need  special 
inspection. 

The  other  comment  I would  like  to  make  is  that  the  use  of  more  exotic  materials  in  each  new  generation  of  aircraft 
is  a step  in  the  wrong  direction,  and  1 believe  that  material  selection  is  the  real  key  to  this  problem. 

M.Perry  (UK) 

We  have  heard  a lot  about  minimum  detectable  size  defects  using  various  techniques,  and  I would  like  to  refer  back 
to  the  paper  by  Dr  Antona.  We  are  not  interested  in  minimum  detectable  sizes  of  defect  under  idealised  conditions; 
what  we  are  interested  in  is  a high  confidence  level  of  detecting  the  defect  which  is  probably  much  larger  than  the 
minimum  we  can  detect  in  the  laboratory.  I think  the  cases  we  have  heard  about  0.4  mm  cracks  being  detectable  by 
ultrasonics  depend  very  critically  on  the  way  the  instrument  is  handled,  and  I believe  we  have  done  a good  job  in 
misleading  the  designer  during  our  discussions. 

T.Gayman  (GE  — Session  Chairman) 

We  have  looked  at  two  problems  — firstly  the  inspection  of  aircraft  in  service,  and  secondly  the  problem  of  aircraft 
design  where  one  needs  to  avoid  making  errors,  but  at  the  same  time  needs  to  introduce  new  materials,  new 
processes  and  new  philosophies.  1 think  that  when  considering  a new  aircraft  project,  the  NDI  man  should  be 
consulted  by  the  designer  at  the  earliest  possible  stage,  modifying  the  basic  layout  if  necessary. 
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APPLICATION  OF  SMALL-ANGLE  NEUTRON  SCATTERING  TO  NDI 
OF  MATERIALS  AND  MANUFACTURED  COMPONENTS 

by 

P.Pizzi 

FIAT  Research  Center,  Orbassano,  Italy 

1 . INTRODUCTION 

The  small-angle  scattering  technique  has  been  used  for  many  years  xlth  X-rays  at  a 
wavelength  of  about  1 A.  Many  Important  results  have  been  achieved  with  this  technique, 
like  e.g.  the  Gulnler-Preston  zones  In  aluminium-copper  alloys  /1/. 

The  use  of  neutrons.  Instead  of  X-rays,  In  the  more  recent  years,  allows  to  overcome 
two  of  the  greatest  difficulties  arising  from  x-rays,  that  Is  : 

to  measure  large  thicknesses  of  materials 

to  avoid  multiple  Bragg  scattering  from  pollcrlstalllne  materials  by  using  wave- 
lengths \ > 2d^^^  with  the  maximum  Interplanar  crlstalllne  spacing  /2/. 

On  the  other  hand,  the  use  of  neutrons  has  the  great  disadvantage  of  the  low  neutron 
Intensities  usually  available  from  reactors  In  the  wavelength  region  5 < X < 20  A. 

To  overcome  this  difficulty,  cold  sources,  guide  neutron  tubes  and  multidetector  sy- 
stems have  been  designed  and  used  with  research  reactors  /3/. 

The  FIAT  device  for  small-angle  neutron  scattering  (S.A.N.S.)  measurements  Is  shown 
In  fig.  1 /4/. 

The  cold  source  gives  a gain  for  long  - wavelength  neutron  ;enslty  depending  on 
the  type  and  temperature  of  the  moderating  material  (liquid  prop  ^ In  the  present  case) . 

The  guide  tube  leads  neutrons  away  from  the  reactor  In  a zone  with  low  background 
and  performs  a preliminary  wavelength  selection. 

The  mechanical  wavelength  selector  perform  the  desired  selection  with  a wavalength 
resolution  usually  of  the  order  of  10%. 

The  detection  system  Is  given  by  a multicellular  bldlmenslonal  BF^  detector  that 
fournlsh  the  planar  neutron  scattered  distribution  In  a plane  perpendicular  to  the  neu- 
tron beam  axis  as  schematized  In  fig.  2. 

The  cold  neutron  fluxes  obtainable  wijh  a u^ual  swimming-pool  reactor  operatings  at 
a power  of  5 MW  Is  of  the  order  of  10  cm  sec  on  the  sample,  that  Is,  at  the  D2  slit 
In  fig.  2. 

The  relatively  new  technique  is^a  very  useful  tool  to  explore  inhomogenities  in  mate 
rials  ranging,  from  about  30  A to  10  A.  This  large  interval  of  detectable  dimensions  al- 
lows to  have  N.D.  Informations  In  a very  large  fiel  of  applications,  like  : 

- phases  transformations  and  evolution  in  steels,  nlchel  superalloys,  aluminium  al- 
loys after  thermal  treatments  /5,6/j 

- degradation  phenomena  in  materials  as  consequence  of  fatigue,  creep  or  cold  work 

/?/; 

- microvoids  in  ceramics  /8/s 
radiation  damage  effects  /9/s 

- macromecules  structure  in  biology  /lO/. 

This  picture  Is  probably  incomplete  but  sufficient  to  demonstrate  the  importance  of 
the  SANS  technique  both  in  solid  state  physics,  in  metallurgy,  biology  and  engineering 
problems. 

With  the  use  of  high  neutron  flux  reactors  /II/  this  technique  has  been  improved  for 
fundamental  researchs:  more  recently  has  been  demonstrated  the  applicability  of  the  SANS 
to  technological  problems  by  using  only  research  reactors  at  lower  powers  /4,5,6/.  In  fu- 
ture, with  the  developement  of  others  neutron  sources  like  e.g.  accelerators  or  plasma  fo 
cus  the  developement  of  this  technique  will  be  probably  Improved  and  used  more  extensively 

In  this  paper  we  will  summarize,  after  a brief  mention  of  the  theoretical  background, 
the  most  Important  results  obtained  with  a certain  number  of  materials  sulxnltted  at  dlffe 
rent  treatments. 

Then,  this  paper  will  be  essentially,  divided  in  two  parts  : 

a)  short  examples  of  scattering  from  dislocations,  voids  or  particles  and  magnetic 
domains; 

b)  applications  to  technological  problems  like  mlcrostructural  evolution  of  turbine 
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blades  and  In  general  to  nlchel  superalloys  after  operation  and  correlations  with 
new  design  criteria. 


2.  THEORY  AND  EXAMPLES 

A collimated  beaun  of  "cold  neutrons"  (wavelength  X > 5 A)  Impinging  on  a material 
characterized  by  local  fluctuations  An  of  the  scattering  length  density  n (n  = bN  with 
b = nuclear  magnetic  scattering  length  and  N ^ atomic  density)  gives  rise  essentially 
at  two  different  phenomena  : 

- refraction  and  partial  reflections  from  large  Inhomogeneltles  (usually  from  cen- 
ters of  the  order  of  scone  um) 

diffraction  from  small  centers  (usually  from  30  A to  somelO^  A) . 

These  phenomena  are  well  defined  by  the  phase  difference  ^ between  the  phase  change 
In  traveling  the  Inhomogeneltles  and  the  same  phase  change  In  vacuum. 

If  ♦<<!  the  diffraction  theory  Is  valid.  If  ♦>>)  the  refraction  theory  holds  and  the 
direct  beeun  Is  broadened  by  multiple  refraction  /12/. 

The  phase  change  Is  given  by  : 


where  X Is  the  neutron  wavelength  and  1 the  scattering  center  dimension. 

From  a qualitative  point  of  view  the  following  figure  gives  the  visualisation  of  the 
two  phenomena  of  refraction  and  diffraction  superimposed. 


Refraction  and  diffraction 

a)  direct  besun 

b)  broadened  beam 

c)  diffracted  beam 
e = scattering  angle 
I = neutron  Intensity 


In  the  case  of  multiple  refraction  only,  the  particles  or  Inhomogeneltles  are  assu- 
med to  scatter  Indlpendently  and  this  gives  rise  approsslmatlvely  to  a gausslan  distribu- 
tion of  the  scattered  neutron  Intensity.  If  we  assume  the  beam  full  width  AS  at  half-ma- 
ximum as  characteristic  parameter  of  the  beam  broadening,  we  have  : 


(Ae)^  - (Ae 

O 


2n 


8 + In 


where  ; a,  8,  y constants  depending  on  silt  geometry  and  scattering  Inhomogeneltles  shape 
n = number  of  refractions 
A0^”  direct  beam  broadening 

In  the  case  of  diffraction  only,  we  can  Introduce  In  a general  way  the  scattered  In- 
tensity or  the  differential  scattering  cross-section  d£/dn  as  follows  : 

“ I ^ 

where  : dl/dn  > differential  scattering  cross  section 

n (r)  - density  scattering  length  characteristic  of  the  shape  and  type  of  the 
scattering  center 

|k  I “ scattering  vector  « -j- 

e • scattering  angle 

X <•  neutron  wavelength 
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For  the  most  common  shapes  of  .the  scattering  centers,  that  Is  spheres,  discs,  cylin- 
ders etc.  and  for  linear  dislocations  or  random  particles  the  typical  scatte'rlng  functions 
are  well  known  /1 3/ . , 

It  is  Importan  to  point  out  the  different  asympotlc  value  of  the  scattering  function 
or  scattering  cross-section  slope  for  different  centers.  Thus  this  fact  allows  to  discri- 
minate between  different  scattering,  centers  /6/. 


2 . 1 THERMAL  TREATMENTS 

Particles  or  voids  have  the  same  scattering  function;  in  the  most  general  case,  par- 
ticles have  a certain  polldlspersion  of  dimensions  N (R)  and  the  differential  scattering 
cross-section  dl/dn  is  given  by  ; 


dl 

dn 


N (R) 


(KR)  dR 


where  An  is  the  scattering  density  length 


(4) 


F(KR)  the  particle  scattering  function  depending  on  the  shape  of  the  particle. 


In  the  particular  case  of  spherical  particles  of  radius  R it  is  possible  to  evaluate 
N (R)  from  the  relation  (4  by  using  the  Mellin  transforms  and  supposing  that  the  asympto- 
tic behaviour  of  the  scattering  function  follows  the  Porod  law  for  three  dimensional  scat 
tering  centers  /14/. 


A particle  scattering  examples  is  given  by  the  scattering  from  an  aluminium  alloy 
(Avional  14)  in  wich  the  structure  is  given  by  a f.c.c.  austenitic  matrix  where  are  uni- 
formly distributed  thin  disks  of  Cu-Al  precipitates  that  evolves  from  the  G.P.  zones  6' 
to  the  e stable  phases. 


The  effect  of  aging  treatment  on  Avional  14  is  clearly  measurable  by  SANS  as  rapre- 
sented  in  fig.  3,  where  is  shown  the  evolution  of  the  scattered  intensity  against  the 
scattering  eingle  at  different  times  and  at  an  aging  temperature  T = 175°C  for  a specimen 
of  about  7 cm  of  thickness  /1 5/. 


The  curves  evolution  allows  to  establish  what  follows  : 


a)  in  the  aluminium  alloy  it  is  present  a stable  fraction  of  large  inclusions,  not 
sensitive  to  aging  treatments  (low  scattering  angle) ; 

b)  during  ageing  there  is  a large  Increase  of  bl-dlmenslonal  precipitates,  prob2d}ly 
discs,  whose  growing  law  follows  approxlmatly  the  Lifshitz-Wagner  theory. 

The  presence  of  bl-dimenslonal  scattering  centers  is  given  by  the  tendency  of  the 
asymptotic  law  to  have  a -2  slope. 

Transmission,  electron  microscopy  has  confirmed  the  SANS  measurements. 


As  a second  exeunple  of  thermal  treatment  effects,  the  evolution  of  austenite  in  the 
maraglng  steel  17-4PH  after  different  tempering  treatments  will  be  given  * /6/. 

The  microstructure  of  the  17-4PH  steel  is  complex  and  is  greatly  Influenced  by  ter- 
mal  treatments.  After  tempering  it  is  possible  to  have  inside  a martensitic  structure  a 
certain  fraction  of  austenite  and  small  precipitates.  The  superposition  of  multiple  refra 
ctlon  from  magnetic  domains  or  austenite  and  diffraction  from  small  precipitates  represent 
a great  difficulty  to  the  understanding  of  the  scattering  curves.  The  application  of  a ma 
gnetlc  field  during  the  measurements  allows  to  eliminate  the  magnetic  domain  effect. 

Therefore  SANS  measurements  have  been  performed  on  the  heat  treated  seunples  in  the 
following  conditions  : 

- without  the  magnetic  field  across  the  sample 

- with  the  magnetic  field  near  saturation  as  is  schematized  in  fig.  4,  to  orientate 
all  domains  in  the  same  direction  and  to  eliminate  multiple  refraction  effects. 

a)  Without  the  magnetic  field,  the  direct  beiun  broadening  measured  for  variuos  sam- 
ples, treated  at  different  tempering  temperatures,  is  given  in  fig.  5 and  con^a- 
red  with  X-rays  measurements . 


Work  performed  under  CEE  contract 
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The  diffraction  effect  clearly  Influences  the  beam  broadening  expeclally  at  high 
tempering  temperatures. 

b)  With  the  application  of  a magnetic  field  the  scattering  curves  are  modified  as 
shown  in  fig.  6 for  200  emd  600°C  of  tempering  temperatures.  In  this  case  the 
beam  broadening  for  water  quenched  steel  become  quite  similar  to  that  obtained 
with  X-rays  as  is  shotm  In  fig.  7.  The  most  Important  difference  is  that  with  X- 
-rays  austenite  Is  measured  only  In  surface,  on  the  contrary  with  SANS  one  obtain 
an  average  'bulk*  value.  In  the  present  case  the  thickness  of  the  specimen  Is  7 
mm. 


2.2  COLD  WORK 

The  "cold  work"  effects  on  pure  copper  have  been  measured  by  SANS.  The  specimen  of 
pure  copper  has  been  treated  as  follows  : 

a)  plastically  deformed  up  to  iL/L  =0,3  of  elongation 

b)  annealed  at  300°C  under  vacuum 

c)  annealed  at  350°C  under  vacuum 

The  scattering  curves  for  cases  a,  b,  c are  shown  In  fig.  8;  from  these  scattering 
curves  is  clearly  visible  the  effect  of  defects  recovery  after  annealing.  The  type  of  de- 
fects present  is  not  well  defined  from  the  slope  of  the  scattering  curves,  probably  due 
to  the  scattering  superposition  of  dislocations  and  ralcrovoids  presents  after  "cold  work". 

2 . 3 CREEP  * 

The  effects  of  creep  on  Alloy  800  are  given  as  one  example  of  microvoids  evolution 
measured  by  SANS  on  samples  submitted  at  different  stresses  and  temperatures. 

The  measurements  have  been  performed  both  along  the  axis  of  the  sample  and  In  func- 
tion of  creep  time  at  temperatures  of  700  and  760°C.  The  measured  quantities  are  the  cor 
relation  length  1^,  that  is  a quantity  proportional  to  the  average  dimensions  of  micro- 
voids /6/,  and  the  density  variations. 

An^example  of  the  correlation  length  evolution  during  creep  for  an  applied  stress  of 
6 kg/mm  at  a temperature  of  760°C,  measured  at  eUbout  4 mm  from  rupture,  is  given  in  fig. 
9. 

In  this  figure  is  clearly  visible  the  Initial  Increase  due  only  to  thermal  effects 
and  the  growing  of  mlcrovolds  up  Jo  rupture.  The  density  variations  measured  by  SANS  in 
this  case  are  of  the  order  of  10  t 10  , In  comparison  with  those  obtained  with  densi- 

ty measurements  by  means  of  the  "balance  method"  as  shown  in  fig.  10.  These  results  are 
in  good  agreement  if  we  consider  that  the  measured  volume  with  neutrons  is  in  a zone  bet- 
ween 3 and  7 iim  from  failure. 

Due  to  the  sensitivity  of  the  method  It  is  then  possible  to  detect  the  residual  life  of 
the  material_^y  considering  that  all  the  specimen  will  be  broken  when  the  density  changes 
are  eOsout  10  /1 6/. 


3 . TECHNOLOGICAL  APPLICATIONS 

The  small  angle  neutron  scattering  technique  is  particularly  suitable  to  examine  ml- 
crostructural  degradation  phenomena  in  nlchel  superalloys. 

The  examined  phenomena  In  these  type  of  alloys  are  : 

- thermal  treatments 

- creep  and  thermal  fatigue  In  turbine  blades 
The  examined  alloys  are  : 

- Inconel  X-750 

- Udlmet  520 

- Inconel  700 

- In  10O 

* Work  performed  under  CEE  contract 
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The  N.D.  exeunlnation  carried  out  allows  to  determine  y'  dimensions  and  concentration, 
mlcrovolds  and  degradation  phenomena  after  service. 

In  some  cases  the  SANS  results  have  been  compared  with  transmissions  electron  micro- 
scopy measurements. 

3.1  INCONEL  X-750,  UDIMET  520  NICKEL  SUPERALLOyS 

Thermal  treatment  effects  on  microstructures  of  nlchel  superalloys  Inconel  X-750  and 
Udimet  520  have  been  evaluated  by  SANS. 

Complete  and  partial  aging  treatments  of  Inconel  X-750  alloy  are  compared  by  the 
scattering  curves  shown  in  fig.  11.  From  this  type  of  measurements  the  concentration  and 
average  dimensions  after  different  aging  times  have  been  deduced;  the  results  are  summa- 
rized in  fig.  12  and  fig.  13  respectively.  In  the  same  figures  are  also  reported  the  des- 
tructive y'  results  obtained  by  electrochemical  dissolution  and  T.E.M.  The  thicknesses  of 
the  examined  seunples  Is  of  about  4 ntn. 

Similar  measurements  have  been  performed  on  Udimet  520  after  solubilization  and  ag- 
ing treatments.  The  scattering  curves  are  shown  in  fig.  14  where,  by  comparison,  in  also 
reported  the  T.E.M.  on  the  Udimet  520  after  complete  aging  treatments.  From  these  scatter 
Ing  curves  it  is  remarkable  to  point  out  the  interference  effects  arising  from  high  y’ 
density.  From  the  position  of  the  maximum  it  is  also  possible  to  measure  the  average  di- 
stance of  the  scattering  centers. 


3.2  INCONEL  700  TURBINE  BLADES 

The  evolution  of  y'  phase  along  the  axis  of  the  blades  has  been  measured  at  diffe- 
rent operating  times  and  conditions . 

The  examined  material  is  an  Inconel  700  nlchel  superalloy  submitted  to  different  con 
dltlons  of  normal  or  overtemperature  /7/.  The  relative  results  have  been  shown  in  fig.  15 
where  it  is  possible  to  point  out  the  large  Increase  of  y'  phase  radius  in  the  middle  of 
the  blades  after  910  h or  for  over  temperature  effects  at  lower  operating  times. 

This  microstructural  degeneration  process  is  directly  correlated  with  the  possibili- 
ty to  deduce  residual  life  of  the  aircraft  blades. 


3.3  IN  100  TURBINE  BLADES 

The  y'  concentration  and  dimensions  have  been  evaluated  for  In  100  turbine  blades  du 
ring  about  312  h of  operation  in  gas  turbine.  An  exeunple  of  scattering  curves  for  blades 
after  0 hr  and  312  h of  operation  are  given  in  fig.  16.  In  this  fig.  it  is  also  shown  the 
transmission  electron  microscopy  measurements  (T.E.M.).  From  the  T.E.M,  and  SANS  results 
it  is  possible  to  deduce  the  presence  of  a primary  y'  phase  of  large  dimensions  and  the 
effect  of  thesmaller  secondary  y'  phase  in  the  new  blades.  In  this  case  small  degenera- 
tion effects  have  been  observed  up  to  312  h. 

The  relative  y'  concentration  and  average  dimensions  are  shown  in  fig.  17.  From  this 
it  is  possible  to  observe  a certain  y'  concentration  fluctuations  arising  essential- 
ly from  differences  in  the  microstructure  of  the  blades  /1 7/. 


3,4  FIBRE  COMPOSITES 

All  the  reported  neutron  effects  are  connected  with  Isotropic  scattering  from  rando- 
mly distributed  centers.  An  example  of  anisotropy  in  the  scattering  is  given  from  carbon 
fibre  composites.  The  ex2unlned  composite  is  a carbon-carbon  fibres  composite  measured  in 
two  different  orientations  with  respect  to  the  neutron  beam  axis.  In  one  case  (fig. 18) 
the  measurements  have  been  performed  with  the  fibers  parallel  to  the  slit  as  reported  in 
fig.  2;  in  the  second  case  the  fibers  are  oriented  in  a normal  position  with  respect  to 
the  first  case.  The  large  anisotropy  of  the  scattering  has  not  been  completely  interpre- 
ted but  it  seems  to  be  due  to  mlcrovolds  between  the  fibers  and  the  matrix.  Others  measu- 
rements at  different  wavelengths  are  necessary  to  correlate  the  large  scattering  effects 
to  the  microstructure. 
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4 . CONCLUSIONS 

I The  examined  examples  of  the  application  of  the  small-angle  neutron  scattering  te- 
chnique to  practical  problems  allow  us  to  conclude  what  follows  : 

the  possibility  to  detect  In  N.D.  way  Inhomogeneltles  ranging  from  30  X to  '\.10^A 
like  precipitates,  mlcrovolds,  dislocations  Is  well  established; 

- the  evaluation  of  the  residual  life  for  materials  after  creep,  thermal  fatigue  or 
others  degeneration  processes  Is  possible  after  correlations  between  properties 
and  microstructure  evolution; 

- the  Increase  In  the  knowledge  of  the  microstructure  degeneration  before  rupture 
Is  very  Important  to  Increase  the  reliability  of  the  ND  control  and  allows  to  de 
crease  the  "safety  factors"  usually  used  for  the  design  of  particular  components; 

- the  possibility  to  follow  the  mlorostructural  degradation  of  materials  during  ser 
vice  allows  to  define  a programme  for  the  “regeneration"  of  components  of  high 
costs  like  turbine  blades  or  similar  components. 

The  Increasing  development  of  new  neutron  sources  different  from  research  reactors 
will  give  the  possibility  to  apply  more  extensively  this  N.D.  technique  of  excimlnatlon. 
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SURFACE  CORROSION  EVALUATION  BY 
RELATIVE  MAGNETIC  SUSCEPTIBILITY  MEASUREMENTS 

by 

H.Walther 

FIAT  Research  Center,  Orbassano,  Italy 

1 . INTRODUCTION 

One  of  the  important  requirements  for  the  operational  behaviour  of  high  temperature 
components  is  the  corrosion  resistance  of  the  Involved  materials. 

The  Increasing  severity  of  service  conditions,  especially  concerning  temperature, 
not  only  stimulates  material  development  for  achieving  further  quality  improvements  of 
superalloys  and  stainless  steels,  but  also  calls  for  additional  or  improved  methods  of 
non  destructive  testing. 

Such  methods  should  not  only  be  useful  for  detecting  the  large  defects  which  would 
rapidly  cause  component  failure,  but  should  be  sensitive  enough  to  localize  corrosion  ef 
fects  in  the  very  early  stage  of  the  degeneration  process.  They  should  in  this  way,  be- 
sides of  their  role  in  quality  control,  be  useful  at  the  same  time  for  studying  the  cor- 
rosion phenomena. 

For  this  scope,  a rather  simple  method  of  complementary  character  is  proposed,  which 
seems  to  offer  rather  wide  promises. 

The  method  is  based  on  the  well  known  principles  of  a magnetic  balance  /V. 

It  utilizes  the  fact  that  superalloys  and  stainless  steels  change  their  magnetic 
susceptibility  during  oxidation  and  carburization  in  their  subsurface  layer. 

Selective  diffusion  and  reaction  does  infact  influence  there  the  ratio  of  ferroma- 
gnetic (Fe,  Co,  Ni)  and  non  ferromagnetic  (e.g.:  Cr)  elements  constituting  the  solid  so- 
lution alloy  matrix. 

The  sensitivity  of  the  method  is  on  one  hand  based  on  the  large  variations  of  magne 
tic  susceptibility  obtained  by  relatively  small  local  compositional  changes  and  on  the 
possibility  to  measure  very  small  attractive  forces  on  the  other. 

Its  simplicity  is  due  to  the  fact  that  it  works  at  zero  frequency  and  depends  on  ma 
gnetic  susceptibility  only,  whilst  the  more  conventionally  used  inductive  coil  techniques 
additionally  depend  on  the  electrical  conductivity  of  the  material  and  on  the  used  fre- 
quency. 

As  additional  facts,  which  seem  to  be  promising  for  not  yet  explored  applications, 
one  may  mention  the  susceptibility  dependence  on  temperature  and  on  structure.  One  might 
obtain  in  the  future  from  a susceptibility  - temperature  curve,  information  on  the  compo 
sltion  of  the  alloy  matrix  and  on  the  nature  of  secondary  phases. 

The  present  note  reports  on  the  information  principle  of  the  method  and  on  measure- 
ments performed  in  IN-100  aircraft  turbine  blades,  in  INCONEL  X-750  power  station  turbi- 
ne blades  and  in  INCONEL  X-750  creep  samples. 


2.  THE  INFORMATION  PRINCIPLE 

As  a consequence  of  selective  oxidation  at  high  temperature,  three  typical  zones  are 
present  in  a IN-100  turbine  blade  during  service  as  shown  in  fig.  1:  the  oxide  scale,  the 
intermediate  subsurface  layer  and  the  bulk. 

Fig.  2 gives  the  corresponding  concentration  profiles  of  the  compositional  elements. 
It  is  seen  that  especially  Co  concentrates  in  the  subsurface  zone  and  gives  rise  to  the 
increase  of  magnetic  susceptibility. 

In  the  INCONEL  X-750  the  situation  is  somewhat  different.  According  to  fig.  3 the 
concentration  profiles  in  a ("v-  1000  h,  733°C)  creep  sample  indicate  that  the  susceptlbll^ 
ty  increase  is  mainly  due  to  a decrease  in  Cr-concentration. 

Magnetic  susceptibility  variations  due  to  Increments  of  the  concentration  ratio  of 
ferromagnetic  to  non  ferromagnetic  elements  are  conveniently  measured  with  a device  as 
schematically  shown  in  fig.  4.  The  device  is  composed  by  a small  permanent  magnet,  mounted 
by  means  of  a connecting  rod  on  the  sensible  part  of  an  extensometer  cell.  A variable  di- 
stance piece  defines  the  sensibility  range  by  the  working  distance.  A digital  millivolt- 
meter,  connected  with  the  extensometer  cell,  gives  the  signal  in  terms  of  the  attractive 
force  F^  perpendicular  to  the  surface. 
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The  single  force  contribution  dF  from  a single  sample  volume  element  dv.  Influenced 
by  the  field  H of  the  magnet,  is  described  by 


dF 

z 


dv 


(1) 


where  : x * susceptibility 


3.  APPLICATION  EXAMPLES 

Routine  measurements  presently  being  performed  at  FIAT  with  the  above  described  te- 
chnique, mainly  concern  aircraft  turbine  blades  of  IN-100  and  power  plant  gas  turbine  bla 
des  of  INCONEL  X-750,  UDIMET  710  and  similar  materials. 

Useful  results  have  also  been  obtained  during  corrosion  creep  measurements  in  Co-su 
peralloys,  alloy  800  and  AISI  316. 

As  examples,  some  results  on  IN-100  and  INCONEL  X-750  are  reported. 

3.1  COOLING  CHANNEL  OXIDATION  OF  IN-100  BLADES 

In  aircraft  turbine  blades  a major  problem  is  to  control  the  inaccessible  inner  bla- 
de surface  of  the  cooling  channel  where  it  is  more  difficult  to  apply  protective  coatings 
and  where  vls.ia.  inspection  is  impossible. 

Fig.  5 shows  a typical  oxidation  of  the  cooling  channel  after  300  h. 

In  this  cuse,  the  outer  blade  surface  had  been  aluminized  and  showed  little  corro- 
sion. The  observation,  that  maximum  oxidation  of  the  inner  surface  occured  at  the  tip  of 
the  blade,  could  be  attributed  to  the  fact  that  the  cooling  channel  had  been  tapped  near 
the  root. 

Further  examples  are  given  in  fig.  6,  where  the  sign?,  (proportional  to  the  suscep- 
tibility), measured  along  the  blade  axis,  is  reported  for  th.-ee  typical  cases  : 

without  any  cooling  channel  (and  without  surface  protection) 

- with  open  cooling  channel 
with  tapped  cooling  channel. 

It  is  interesting  to  note,  that  blades  without  internal  cooling  show  maximum  oxidat- 
ion (sxternal)  in  the  middle;  the  ones  with  open  cooling  channels  show  their  maximum  at 
the  bottom  near  the  root,  and  the  ones  with  the  channel  closed  at  the  bottom  oxidize  more 
rapidly  at  the  tip. 

It  is  evident  of  course  that  these  different  internal  oxidation  profiles  are  due  to 
combined  effects  of  temperature,  gas  flow  and  load. 

An  atypical  case  of  local  corrosion  attac)c  at  the  inner  cooling  channel  surface  Is 
demonstrated  in  fig.  7.  An  X-ray  radiograph  clearly  confirms  the  indication  of  the  magno- 
meter  device  and  localized  the  oxidation  Induced  defect. 

In  typical  practical  cases  of  monitoring  turbine  blade  corrosion  in  the  cooling  chan 
nel,  it  is  more  important  to  obtain  the  remaining  unaffected  bul)c  thlclcness  rather  than 
the  thlcliness  of  the  corrosion  affected  subsurface  zone  to  which  the  magnometer  Is  direc- 
tly sensitive. 

The  initial  bul)c  thlclcness  is  infact  not  the  same  in  all  blades  and  therefore  not 
well  )cnown  in  the  moment  of  corrosion  control. 

The  problem  can  be  resolved  by  combining  magnetometer  monitoring  with  an  ultrasonic 
determination  of  the  total  blade  thic)cness,  which  is  the  sum  of  bul)c,  subsurface,  and 
oxide  scale  thlc)cnesses . Fig.  8 gives  the  respective  calibration  curves  for  IN-1CX>  turbi- 
ne blades  having  Internal  cooling  channel  corrosion.  The  bul)c  thlc)cness  had  been  determi- 
ned in  these  curves  by  metallographlc  sectioning.  Such  curves  are  now  being  used  for  non 
destructive  determination  of  the  bul)c  thlclcness  after  measuring  the  total  thic)cness  by 
ultrasonics  and  the  corrosion  effect  with  the  magnetometer. 

3.2  SURFACE  OXIDATION  OF  INCONEL  X-750 

Magnetic  measurements  have  become  useful  in  creep-corrosion  experiments  where  they 
allow  to  correlate  sample  fracture  with  proceeding  oxidation. 
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As  an  example,  fig.  9 shows  how  the  magnetic  susceptibility  (magnetic  force)  deve- 
lops along  the  seunple  axis  with  increasing  creep  time. 

It  is  seen  that  a maximum  is  developed  at  a certain  position  along  the  sample  axis. 
This  maximum  is  located  at  the  maximum  strain  position  of  the  sample  and  indicates  the 
place  of  most  probable  sample  rupture. 

The  typical  evolution  of  creep  in  air  of  INCONEL  X-750  is  demonstrated  in  fig.  10 
for  three  different  loads  and  for  the  case  without  load. 

A steep  Increase  of  magnetic  susceptibility  is  apparent  at  about  50%  of  the  rupture 
time  and  might  be  used  to  monitor  for  failure  approach. 

The  case  of  the  sample  without  load  is  of  course  dependent  on  thermal  stresses,  ge- 
nerated any  time  when  the  sample  was  withdrawn  from  the  furnace  for  measurement.  The  cor 
relation  of  magnetometer  response  with  sample  rupture  can  be  interpreted  by  crack  forma- 
tion. A craclt  infact  exposes  more  surface  to  oxidation  and  locally  developes  more  mate- 
rial with  increased  magnetic  susceptibility.  This  is  shown  in  fig.  11,  in  the  case  of  an 
INCONEL  X-750  power  station  turbine  blade  having  65000  h of  service  time. 
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Fig.S  Oxidation  in  the  internal  cooling  channel  of  an  In-100 
aircraft  turbine  blade  (31 2h  service) 
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Fig.6  Typical  cases  of  oxidation  in  the  cooling  channels 
of  In-100  turbine  blades 
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Fig.  10  Typic*l  evolution  of  oxidation  during  creep  in  air  of  Inconel  X-750 
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APPLICATION  OF  X-RAY  DIFFRACTION 
STRESS  MEASURING  TECHNIQUES 
by 

D.  Kirk 

LANCHESTER  POLYTECHNIC 
Priory  Street 
COVENTRY 
CVl  5FB 
England 


SUMMARY 

X-ray  diffraction  stress  measuring  techniques  can  be  applied  to  a wide  variety  of 
components.  This  paper  describes  several  applications  in  detail  in  order  to  Illustrate 
the  advantages  and  limitations  of  the  techniques.  The  variation  of  residual  stress 
with  position  at  the  surface  is  illustrated  for  a machined  aluminium  alloy  extrusion  and 
for  the  region  adjacent  to  a butt-welded  steel  plate.  The  variation  of  residual  stress 
with  position  below  the  original  surface  is  Illustrated  for  shot-peened  components  and 
for  a flow-formed  maraging  steel  tube.  The  advantages  of  chemical  polishing  for  layer 
removal  are  discussed.  A knowledge  of  the  residual  stress  distribution  below  a shot- 
peened  surface  cam  be  used  to  determine  the  feasibility  of  peen-forming.  The  practical 
problems  associated  with  unusual  geometry  and  physical  size  of  components  are  described. 


INTRODUCTION 

X-ray  analysis  is  now  a well-established  method  of  determining  the  residual  stresses 
present  in  engineering  components.  The  principles  of  the  technique  have  been  widely 
publicised.  An  excellent  manual  is  avallaible'  which  gives  extensive  theoretical  and 
practical  details  of  the  method.  Recent  developments  in  both  techniques  and 
applications  were  described  at  a recent  conference^.  Applications  of  the  technique 
range  from  routine  quality  control  procedures  to  detailed  studies  of  the  residual  stress 
distribution  within  a given  component. 

Quality  control  procedures  are  based  on  rapid  estimates  of  surface  residual  stress 
level  and  are  necessarily  non-destructive.  High-speed  measuring  techniques  have  been 
developed  using  single-purpose  diffractometers’.  These  procedures  are  useful  for 
ensuring  either  that  harmful  levels  of  surface  tensile  stress  are  absent  or  that 
deliberately-introduced  surface  compressive  stress  levels  are  present.  This  tyoe 
of  application  is  in  very  limited  use  and  will  not  be  discussed  further  in  this  paper. 

Detailed  studies  of  residual  stress  distributions  involve  either  measurements  at 
different  positions  on  the  surface  of  a given  component  or  measurements  at  different 
depths  below  the  surface  at  one  position  on  a component.  This  latter  procedure,  which 
is  necessarily  at  least  partially  destructive,  requires  repeated  removal  of  thin  layers 
with  stress  measurement  being  made  at  the  corresponding  Intervals  below  the  original 
surface.  The  stress  in  the  removed  layers  affects  the  subsequent  measured  values. 

Moore  and  Evans*  developed  equations  which  can  be  used  to  correct  the  measured  values. 

The  most  common  limiting  factor  of  the  practical  application  of  X-ray  stress 
analysis  is  that  of  sample  geometry.  Stresses  cannot  be  measured  inside  small  tubes 
or  at  the  bottom  of  narrow  holes.  Very  large  components  require  the  use  of  either 
purpose-built  portable  diffractometers  or  X-ray  stress  ceuneras.  Beryllium  poses  a 
special  problem  because  of  its  very  low  absorption  of  X-radiatlon.  This  prevents  the 
measurement  of  surface  stresses  in  beryllium  and  most  of  its  alloys. 

X-ray  stress  analysis  has  the  unique  advantage  that  it  can  distinguish  between  the 
separate  stresses  in  multi-phase  materials.  The  most  important  commercial  example  is 
probably  that  of  quenched  steel  which  contains  a proportion  of  retained  austenite  in  a 
martensitic  matrix.  The  amount  of  retain  austenite  is  largely  determined  by  the 
composition  of  the  steel.  In  a given  component  the  stress  in  the  martensite  phase  may 
be  compressive  whereas  the  stress  in  the  austenite  phase  may  be  tensile.  It  is 
therefore  important  to  consider  both  stresses  rather  than  try  to  predict  an  improvement 
in  service  performance  simply  on  the  basis  of  a compressively-stressed  martensitic 
matrix. 

The  practical  examples  of  stress  analysis  used  in  this  paper  Illustrate  the 
advantages  of  the  technique,  experimental  problems  and  the  metallurgical  and  fabrication 
variables  which  Influence  the  distribution  of  residual  stresses. 

An  essential  limiting  feature  of  the  technique  is  the  character  of  the  area  of  the 
sample  irradiated  by  the  incident  X-ray  beeim.  This  feature  is  discussed  first  to 
provide  a basis  for  the  discussion  of  the  practical  examples  of  stress  analysis. 


1 CHARACTER  OF  IRRADIATED  AREA 

The  individual  crystals  in  a polycrystalline  material  are  made  up  of  families  of 
Identical  planes  of  atoms.  Each  feunlly  has  a reasonably  uniform  Interplanar  spacing 
d|jki>  X-ray  stress  measurement  depends  upon  the  measurement  of  the  lattice  strain 
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normal  to  these  planes,  idh)ci/<ihkl*  A beam  of  monochromatic  X-rays  Irradiates  an  area 
of  the  component.  At  certain  angles  of  incidence  between  the  beam  and  the  crystal 
planes,  called  Bragg  angles  0,  the  X-rays  are  diffracted  as  if  they  were  being  reflected 
from  the  pletnes . 

The  geometry  of  diffraction  for  an  X-ray  diffractometer  is  shown  in  Fig.l.  X-rays 
emitted  from  a line-shaped  source  S-S'  are  collimated  to  form  a wedge-shaped  divergent 
beam  which  irradiates  a rectangular  area  of  the  flat  seimple  surface  ABCD.  The  angle  of 
divergence,  a,  is  readily  controlled  by  means  of  divergence  slits.  The  effective  width, 
W,  of  the  beam  is  normally  the  same  as  the  fixed  width  of  the  line  source.  For  most 

X-ray  tubes  this  is  between  10  and  20  mm.  The  length,  L,  of  the  Irradiated  rectangle 
depends  upon  a,  0 and  the  distance,  R,  from  the  line  source  to  the  sample.  Hence: 

L = a R cosec0  (1) 

As  a typical  example  if  a = 2°,  R = 170  mm  and  0 = 75°  then  L = 6.1  mm 

The  first  limiting  condition  is  that  the  irradiated  area  ABCD  must  contain  a fairly 
large  number  of  crystals.  This  is  because  only  a small  fraction  of  the  crystals  within 
the  irradiated  area  are  favourably  orientated  with  respect  to  the  direction  of  the 
Incident  beam.  These  are  the  crystals  which  satisfy  the  Bragg  condition  for  the 
particular  planes  hkl  that: 

nX  = 2 dhkisin0  (2) 

where  n is  an  integer,  X is  the  wavelength  of  the  monochromatic  X-rays,  dj^ki  is  the 
spacing  of  the  'reflecting'  planes  and  0 is  the  Bragg  angle  for  the  planes  hkl.  The 
diffracted  X-rays  come  to  a focus  at  the  receiving  slit  at  C-C  and  subsequently  enter 
an  intensity  monitor. 

It  follows  from  Eq. (2)  that  a change  idhkl  the  interplanar  spacing  induced 

either  by  applied  or  by  residual  stresses  will  cause  a corresponding  change  A6  in  the 
Bragg  angle  0.  Hence: 

Afl  _ ■*‘^hkl.tan0  (3) 

•^hkl 

Accurate  measurements  of  the  Bragg  angle  0 relative  to  that  for  material  in  the  unstressed 
state  will  therefore  give  a measure  of  the  strain  perpendicular  to  the  surface.  Fig. 2 (a) 
shows  that  the  small  fraction  of  crystals  which  are  favourably  orientated  act  as  a series 
of  miniature  strain  gauges  yielding  a value  of  strain  perpendicular  to  the  surface, 
where  = Adh^i/dhkl. 

A second  measure  of  strain,f  ij, , is  required  in  order  to  deduce  the  required  strain, 
£(.  |(,=9oO/  parallel  to  the  sample  surface  (see  Fig. 3).  The  second  measure  of  strain  is 
adliieved  by  rotating  the  sample  about  the  axis  of  the  X-ray  diffractometer  (0-0'  in  Fig.l) 
by  an  angle  i(/.  After  this  rotation  the  length  L of  the  irradiated  rectangle  changes 
slightly.  Eg. (1)  now  takes  the  form: 

L = a R cosec (0  + i(;)  (4) 

A different  fraction  of  the  crystals  in  the  irradiated  area  now  satisfies  the  Bragg 
condition  for  diffraction.  This  is  illustrated  schematically  in  Fig. 2(b)  where  these 
different  crystals  again  act  as  miniature  strain  gauges  but  now  give  the  strain,  f . 

It  should  be  noted  that  the  number  of  crystals  in  the  irradiated  area  of  a real  sample 
and  therefore  the  number  in  favourable  orientations  are  much  greater  than  those  shown  in 
Fig. 2.  When  the  scunple  is  rotated  about  the  diffractometer  axis  relative  to  the  X-ray 
beeun  then  the  focussing  geonietry  changes.  This  is  illustrated  in  Fig. 4.  The  intensity 
monitor  should  be  moved  to  the  new  focussing  position,  F,  for  optimum  intensity 
measurements . 

A second  limiting  condition  is  that  the  intensity  of  the  diffracted  radiation  is 
directly  proportional  to  the  size  of  the  irradiated  area.  If  this  area  is  made  very 
small  then  the  intensity  of  the  diffracted  radiation  becomes  so  low  that  accurate 
determination  of  the  Bragg  angle  values  is  impossible.  The  effect  of  reducing  the  area 
can  be  offset  to  a limited  extent  by  increasing  the  Intensity  of  the  incident  radiation. 
Another  alternative  is  to  use  film  monitoring  techniques  but  these  are  intrinsically 
less  accurate  than  diffractometer  methods.  An  irradiated  area  of  10  mm’  is  feasible 
which  compares  favourably  with  the  size  of  strain  gauges. 

The  theory  of  isotropic  elasticity  gives  the  following  relationship  between  the 
measured  elastic  strain,  and  the  required  surface  stress,  o,),  : 
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This  is  the  equation  which  forms  the  basis  of  X-ray  stress  analysis.  Eq.(5)  can  be 
utilised  in  a number  of  ways.  The  two  most  commonly  used  are  the  'two-exposure'  and  the 
'sin’iji'  techniques.  Details  of  these  techniques  are  readily  available*'®.  The 
application  of  the  theory  of  isotropic  elasticity  leads,  however,  to  a third  limiting 
condition  for  the  application  of  the  X-ray  techniques.  It  is  tacitly  assumed  that  the 
measured  lattice  strains  can  be  converted  into  residual  stress  values  using  bulk  elastic 
property  values.  Closer  inspection  shows  that  there  are  two  problems  associated  with 

this  assumption.  The  first  is  that  different  specific  crystal  planes  hkl  have  different 

reactions  to  applied  stress.  Hence  we  need  to  use  experimentally-determined 
crystallographic  elastic  properties.  The  second  problem  is  that  of  'preferred 
orientation'  in  the  polycrystalline  S2unple. 


It  is  well-known  that  the  bulk  elastic  properties  of  materials  can  vary 
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substantially  with  preferred  orientation  direction.  Heavily  cold-rolled  metals  and 
hot-extruded  Nimonic  alloys  are  important  excunples  of  materials  having  substantial 
degrees  of  preferred  orientation.  The  crystallographic  elastic  properties  and  the 
effect  of  preferred  orientation  can  be  determined  using  a calibration  test  piece  of  the 
type  shown  in  Fig. 5.  The  calibration  test  piece  should  be  in  the  same  metallurgical 
condition  as  that  of  the  component  requiring  stress  analysis.  Strain  gauges  at  S and 
S'  measure  the  longitudinal  and  transverse  strains  respectively  when  known  elastic 
loads  are  applied  by  a tensile  test  machine.  This  gives  the  bulk  values  of  E and  v for 
the  actual  test  sample  material  and  hence  allows  for  the  presence  of  preferred 
orientation.  The  strain  gauges  have  then  been  calibrated  against  known  applied 
stresses.  The  calibration  test  piece  is  subsequently  transferred  to  a four-point 
loading  device  mounted  on  the  X-ray  diffractometer.  A series  of  elastic  strains  are 
then  applied  through  the  loading  points  at  A.  The  values  of  £2  and  are  determined 

for  each  interval  of  elastic  strain.  These  values  are  for  a particular  set  of  crystal 
planes  hkl.  Different  values  of  f ^ and  £41,1),  are  determined,  if  required,  for  other 
sets  of  crystal  planes.  The  strains  to  be  measured  by  the  X-ray  technique  have  then 
been  calibrated  by  reference  to  the  known  stresses  applied  by  the  four-point  loading 
device.  It  is,  however,  rarely  convenient  or  necessary  to  go  through  the  very  time- 
consuming  procedure  of  calibration.  Published  values  for  crystallographic  elastic 
properties  can  be  used.  Bulk  elastic  properties  of  the  material  can  also  be  used  in 
the  absence  of  substantial  amounts  of  preferred  orientation. 


2 SURFACE  RESIDUAL  STRESS  DISTRIBUTIONS 

The  residual  stress  at  the  surface  of  a component  will  normally  vary  with  position 
|i  on  the  surface.  This  variation  may  be  small,  as  in  the  case  of  components  shot-peened 

overall,  or  severe,  as  is  observed  with  welded  components.  Machined  components  can  show 
surprising  variations  which  depend  upon  the  type  of  machining  operation  and  the  amount  of 
metal  removed. 

(a)  Surface  stress  distribution  for  machined  aluminium  alloy  extrusion. 

Fig.  6 shows  an  aluminium  alloy  extrusion  before  and  after  machining  off  of  the 

flanges.  Residual  stress  measurements  were  required  at  different  positions  on  the 
surface  of  both  test  pieces.  The  particular  point  of  interest  in  this  excunple  is  the 
surface  residual  stress  distribution  around  the  circumference  of  the  machined  extrusion. 
Fig. 7 shows  how  the  residual  stress  varies  in  the  region  of  a single  machined  flange. 

The  stress  level  varies  from  severe  tensile  to  severe  compressive  over  a few  millimetres 
of  an  apparently  uniform  surface.  Variations  in  the  amount  of  plastic  deformation 
associated  with  the  machining  operation  gave  rise  to  the  observed  residual  stress 
distribution.  The  variation  in  intensity  of  the  diffraction  peak  (see  Fig. 7)  which 
accompanies  the  variation  in  residual  stress  is  due  to  the  preferred  orientation  induced 
by  the  machining  operation. 

The  curved  nature  of  the  sample  surface  adds  a fourth  limiting  condition  to  the 
application  of  the  X-ray  technique.  Focussing  of  the  diffracted  beam  becomes 
increasingly  difficult  as  the  radius  of  the  curved  surface  decreases.  When  stress 
measurements  tangential  to  the  axis  of  the  sample  are  required,  as  in  this  example,  the 
divergence  of  the  incident  X-ray  beam  must  be  restricted.  Stresses  parallel  to  the  axis 
require  that  the  width,  W,  of  the  divergent  beam  must  be  restricted.  Restriction  can  be 
effected  either  by  using  appropriate  collimating  slits  at  90°  to  the  divergence  slits  or 
by  masking  the  s^unple  surface. 

(b)  Surface  stress  distribution  adjacent  to  butt-welded  steel  plates 
Fig.  8 shows  a test  piece  made  by  double-vee  butt  welding  of  steel  plates. 

Residual  stresses  were  measured  at  the  surface  of  the  parent  plate  for  a series  of 
positions  on  a line  perpendicular  to  the  weld,  M-M'.  The  irradiated  area  for  each 
measurement  was  12  mm  x 1 mm  with  the  12  mm  being  parallel  to  the  weld.  This  size  of 
test  piece  was  convenient  for  the  X-ray  diffractometer  being  used  although  much  larger 
samples  could  be  excunlned.  The  size  of  the  irradiated  area  was  determined  directly 
by  the  restricted  divergence  of  the  X-ray  beeun.  For  more  complex  welded  (and  other) 
components  an  alternative  would  have  been  to  restrict  the  irradiated  area  by  masking. 
Masking  for  steel  components  is  readily  effected  by  using  lead-backed  adhesive  tape. 

An  appropriate  area  is  cut  from  the  centre  of  a piece  of  tape.  Irradiation  of  the  lead 
mask  does  contribute  to  the  background  radiation  received  by  the  monitor  but  not  to  the 
diffraction  peak  (hkl=211)  itself.  A more  accepted>le  masking  material  is  one  having  a 
similar  scattering  power  for  X-rays  to  that  of  the  sample.  Austenitic  steel  foil  can 
be  used  for  ferritic  seunples  but  being  less  flexible  it  is  less  convenient  than  lead 
foil.  Masks  should  only  be  used  to  precisely  define  the  irradiated  area.  Restriction  of 
the  incident  X-ray  befun  should  be  carried  out  as  far  as  possible. 

Fig.  9 shows  the  measured  residual  stress  distributions  for  test  pieces  welded  from 
cold-rolled  plate  and  from  annealed  plate.  There  is  a very  significant  difference 
between  the  two  stress  distributions.  The  region  immediately  adjacent  to  the  welded 
cold-rolled  plate  has  a surface  tensile  residual  stress.  Further  away  from  the  weld 
the  surface  stress  becomes  compressive  and  finally  tensile  again.  The  welded  annealed 
plate,  on  the  other  hand,  has  a surface  compressive  stress  for  the  whole  of  the 
corresponding  region. 

It  is  well-known  that  the  actual  weld  metal  normally  contains  high  tensile  residual 
stresses.  The  surface  stresses  in  the  weld  itself  can  be  relieved  either  thermally  or 
mechanically.  Alloying  can  also  be  used  to  increase  the  basic  strength  of  the  weld 
metal  relative  to  the  parent  metal.  This  can  then  compensate  for  any  deficiencies  in 


terms  of  the  cast  structure  and  the  tensile  residual  stress.  The  parent  metal  adjacent 
to  the  weld,  corresponding  to  the  heat-affected  zone,  then  becomes  the  weakest  region. 

A surface  tensile  residual  stress  here,  together  with  the  weakening  due  to  the  thermal 
cycle,  will  then  be  a potential  source  of  failure.  Shot-peenlng  Is  often  used  to 
produce  a protective  skin  of  compresslvely-stressed  material  In  the  weld  and  heat- 
affected  zones. 

3 SUB-SURFACE  RESIDUAL  STRESS  DISTRIBUTIONS 

Measurements  of  residual  stress  below  the  original  surface  of  a component  are 
necessarily  destructive.  These  measurements  are,  however,  often  necessary  because 
surface  measurements  alone  would  give  a misleading  Impression  of  the  significance  of  the 
residual  stresses  present  In  a component.  Most  applications  are  concerned  with  a thin 
surface  layer  of  material  which  has  either  been  deliberately  hardened,  for  exeunple  by 
carburising,  or  has  had  stresses  Induced  accidentally,  as  In  the  case  of  surface  grinding 
or  machining.  Complete  stress  distributions  are  necessary  to  predict  distortion 
whereas  the  stress  distribution  In  a thin  surface  layer  generally  controls  fatigue 
performance . 

(a)  Sub-surface  stress  distribution  In  a flow-formed  maraglng  steel  tube. 

Fig. 10  shows  a portion  of  a thln-walled  steel  tube,  flow-formed  from  a maraglng 
steel,  before  and  after  slitting  parallel  to  the  axis  of  the  tube.  The  expansion  of 
the  tube  after  slitting  would  Indicate  the  presence  of  tensile  residual  stresses  at  the 
outer  surface  tangential  to  the  tube  axis.  Surface  stress  measurements  at  several 
positions  on  the  outer  surface  revealed,  however,  that  the  stress  was  compressive. 

Faced  with  this  anomaly  a survey  of  the  residual  stress  distribution  throughout  the 
section  was  necessary.  This  Investigation  posed  experimental  problems  because  the  tube 
wall  thickness  was  only  400  u m.  Very  thin  layers  of  material  had  to  be  uniformly 
removed  from  the  outside  of  the  sample  and  the  relatively  flimsy  sample  had  to  be  held 
securely  In  an  X-ray  diffractometer.  Layer  removal  was  effected  by  taking  a 25  mm  wide 
band  from  the  tube,  protecting  the  Inner  surface  with  lead-backed  masking  tape  and 
Immersing  the  band  In  a chemical  polishing  solution. 

Chemical  polishing  Is  particularly  useful  for  stress  analysis  work  because  uniform 
layer  removal  over  large  areas  of  sample  can  easily  be  obtained.  The  evolution  of  gas 
at  the  sample  surface  also  prevents  the  surface  from  reaching  a temperature  at  which 
stress  relief  occurs.  In  this  particular  example  a mixture  of  20%  nitric,  5%  sulphuric 
and  5%  phosphoric  acid  In  water  was  used.  Subsequent  experience  has  shown  that  even 
better  results  can  be  obtained  with  steels  using  a mixture  of  90%  100  volume  hydrogen 
peroxide,  5%  hydrofluoric  acid  and  10%  water.  The  extent  of  layer  removal  was 
determined  by  weighing  the  band  after  each  chemical  polish.  Residual  stress  measurements 
at  a series  of  depths  below  the  original  surface  gave  the  results  shown  In  Fig. 11. 

These  results  have  been  corrected  for  the  effects  of  stress  In  the  removed  layers'*. 
Mounting  of  the  band  was  done  using  double-sided  adhesive  tape  and  a circular  former 
attached  to  the  X-ray  diffractometer.  The  results  show  how  the  compressive  stress  on 
the  outer  surface  rapidly  gives  way  to  a sub-surface  tensile  stress.  This  tensile 
stress  subsequently  reverts  to  compressive  stress  before  finally  becoming  tensile  towards 
the  Inner  surface  of  the  tube.  The  bending  moments  associated  with  the  stress 
distribution  are  now  consistent  with  the  observed  behaviour  on  slitting  the  tube. 

(b)  Sub-surface  stress  distributions  In  carburised  steel  components. 

Figs. 12  and  13  show  the  results  of  residual  stress  measurements  made  at  different 
levels  below  the  surface  of  gas-carburlsed  EN353  steel  components.  Two  different  carbon 
levels  and  depths  of  case  had  been  produced.  The  object  of  this  Investigation  was  to 
determine  the  effects  of  carbon  content,  case  depth  and  subsequent  shot-peenlng  on  the 
residual  stress  distribution.  The  component  carburised  to  a 0.74%  maxlmiim  carbon  level 
and  to  a depth  of  1.8  mm  has  an  unsatisfactory  residual  stress  distribution.  A 
substantial  level  of  tensile  stress  exists  at  the  surface  which  would  promote  fatigue 
crack  nucleatlon.  Shot-peenlng  of  this  sample  has,  however,  substituted  a beneficial 
compressive  stress  at  and  just  below  the  surface. 

The  sample  carburised  to  a 0.48%  maximum  carbon  level  with  a case  depth  of  1.0  mm 
has  a satisfactory  residual  stress  distribution.  The  surface  stress  Is  compressive  and 
shot-peenlng  only  serves  to  Increase  the  level  of  compressive  stress.  Shot-peenlng  has 
affected  a deeper  surface  layer  for  the  0.48%  maximum  carbon  sample  than  for  the  0.74% 
maximum  carbon  sample.  This  Is  because  the  case  Is  correspondingly  softer.  The 
development  of  compressive  stresses  by  shot-peenlng  Is  largely  due  to  the  transformation 
of  retained  austenite  to  martensite. 

(c)  Sub-surface  stresses  and  peen-formlng . 

A knowledge  of  the  residual  stress  distribution  Induced  by  shot-peenlng  Is  useful  in 
determining  the  feasibility  of  peen-formlng.  This  process  has  a variety  of  applications 
which  Includes  the  shaping  of  wing  panels.  The  major  principle  involved  in  peen-formlng 
Is  that  a surface  force  is  generated  from  the  compressive  stresses  Introduced  Into  one 
surface  by  shot-peenlng.  This  force  then  depends  upon  the  generation  of  a sufficiently 
high  level  of  stress  at  a sufficient  depth  so  that  the  resulting  force  will  have  the 
required  bending  moment. 

Fig. 14  shows  an  Idealised  form  of  the  residual  stress  distribution  that  Is  Induced 
by  the  shot-peenlng  of  an  initially  stress-free  strip.  The  level  of  the  compressive 
stress  near  to  the  peened  surface  Is  largely  determined  for  real  materials  by  the  yield 
strength.  The  depth  of  the  compresslvely-stressed  skin  Is  largely  determined  by  the 
size  of  shot  used.  An  approximate  value  for  the  bending  moment,  M,  can  be  estimated  and 
substituted  Into  the  basic  equation: 

M - E.I/R 


(6) 
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where  I is  the  second  moment  of  area  and  R Is  the  radius  of  curvature.  This  then  gives 
an  approximate  value  for  the  degree  of  bending  that  can  be  achieved.  In  the  exeimple 
shown  of  a rectangular  section  steel  strip  then  the  corresponding  radius  would  be  700  mm. 
In  an  actual  peen-formed  component  the  bending  involved  would  have  reduced  the  level  of 
compressive  stress  in  the  peened  surface  and  would  have  Induced  a compressive  stress  in 
the  opposite  surface. 

The  approach  outlined  above  is,  of  course,  simplified  relative  to  real  situations. 

In  practice,  curvature  about  two  axes  would  result  from  the  shot-peening  of  an 
unrestrained  sheet.  This  double  curvature  is  a feature  of  the  Almen  gauges  used  as  a 
control  for  shot-peening  operations.  Curvature  about  one  axis  is  restricted  in  peen- 
forming  operations  in  order  to  produce  the  required  shape. 

4 SINGLE  STRESS  MEASUREMENTS 

Single  stress  measurements  are  used  mainly  either  as  a quality  control  check  or  as 
part  of  an  investigation  Involving  a series  of  samples.  Fig. 15  shows  an  example  of 
quality  control  checking.  The  component  shown  is  an  intermediate  compressor  bearing 
from  an  RB211  engine.  Precision  grinding  of  the  bearing  surface  is  carried  out  not  only 
to  ensure  dimensional  accuracy  and  surface  quality  but  also  to  produce  a compressive 
stress.  Grinding  can  produce  a wide  range  of  effects  from  tensile  stresses  high  enough 
to  produce  cracking  down  to  compressive  stresses  which  are  a substantial  fraction  of  the 
yield  strength.  In  a highly-stressed  component  it  is  therefore  important  to  ensure  that 
the  grinding  regime  introduces  beneficial  compressive  stresses.  Values  in  the  region  of 
-300  MN/m^  for  the  tangential  residual  stress  are  commonly  reached  with  this  particular 
component.  Single  measurements  on  a selection  of  components  can  then  be  used  either  for 
quality  control  purposes  or  for  investigating  proposed  variations  to  the  grinding 
procedure. 

The  experimental  problems  associated  with  the  component  shown  in  Fig. 15  centred  on 
the  double  curvature  of  the  bearing  surface  and  the  weight  of  the  component.  The  double 
curvature  problem  was  reduced  by  using  masking  to  restrict  the  size  of  the  irradiated 
area  as  far  as  possible.  A stress-free  standard  of  the  same  geometry  as  that  of  the 
bearing  surface  was  used  to  reduce  measurement  errors.  The  magnitude  of  the  weight 
problem  depends  upon  the  type  of  diffractometer  used.  In  the  case  of  a horizontal- 
axis  diffractometer  of  the  type  used  here  the  problem  is  greater  than  for  a vertical-axis 
diffractometer.  With  this  diffractometer  counterbalancing  of  the  component  was  used  to 
ensure  that  the  irradiated  surface  stayed  on  the  diffractometer  axis  during  rotation. 

5 CONCLUSIONS 

The  examples  of  residual  stress  analysis  given  in  this  paper  were  chosen  to 
illustrate  the  wide  range  of  useful  applications  that  are  possible  for  the  X-ray  stress 
measuring  techniques.  Restrictions  on  the  application  of  the  techniques  mainly  depend 
upon  the  following: 

(i)  The  irradiated  area  must  contain  a fairly  large  number  of  crystals. 

(ii)  The  size  of  the  irradiated  area  must  be  large  enough  to  give  a reasonable 
intensity  of  diffracted  radiation. 

(iii)  Experimentally-determined  values  of  crystallographic  elastic  properties 
are  required  together  with  a knowledge  of  the  extent  and  effect  of 
preferred  orientation. 

(Iv)  Curvature  of  a component  surface  leads  to  focussing  problems. 

The  greater  the  degree  of  curvature  the  more  the  size  of  the  irradiated 
area  must  be  restricted.  X-ray  stress  c^unera  techniques  may  then  be 
preferred  to  diffractometer  techniques. 
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(a) 

Fig.7  (a)  Residual  stress  and  intensity  distributions  for  the  outer  surface  of  the  machined  extrusion. 
The  corresponding  region  before  machining  is  shown  in  (b) 


Fig.8  Double-vee  butt  welded  test  block:  showing  the  line  of  strev  measurement  M-M' 


• COLD -ROLLED  PLATE 
o ANNEALED  PLATE 


DISTANCE  FROM  WELD/PARENT  METAL  INTERFACE -mm 


Residual  stress  measurements  taken  on  the  line  M-M 
of  the  sample  shown  in  Figure  8 


Pig.  1 0 Flow-formed  maraging  steel  tube  samples  before  and  after  slitting 


Fig.  1 1 Residual  stress  distribution  at  and  below  the  surface  of  a test  specimen 
of  flow-formed  maraging  steel  tube 
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Fig.  1 2 Effect  of  shot-peening  on  residual  stress  distribution  in  gas-carburised 
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X-RAY  DIFFRACTION:  FROM  STRUCTURAL  X-RAY  DIFFRACTOCRAPHY  TO 
X-RAY  OSCILLOGRAPHIC  DIFFRACTOSCOPY 

by 

Lt-Col.  Dr.  Angelo  Tronca, 

Direzione  Laboratori  A.M. 

Via  Tuscolana,  473 
I — 00181  Roma,  Italy 


This  paper  deals  with  the  development  of  a method  of  fast  inspection  of  jet  engine  compressor  blades  and  is  divided 
mto  three  Parts; 

- the  first  one  shows  the  results  obtained  by  classical  X-ray  diffractography,  which  utilizes  filtered  radiation  and 
plane  X-ray  films; 

- the  second  one  illustrates  the  oscillographic  fast  inspection,  with  fixed  sample  and  rotating  counter-carrying  arm; 
the  results  obtained  by  this  method  are  correlated  with  those  obtained  by  the  previous  one; 

- the  third  one  reports  the  oscillographic  observations  on  rotating  compressor  steel  blades.  The  results  are  compared 
with  those  obtained  by  eddy  currents. 


PART  1 

This  Part  concerns  the  results  of  a diffractographic  test  performed  on  compressor  blades  taken  from  a turbojet  in 
service.  The  purpose  was  to  assess  the  practical  possibUity  of  utilizing  a blade,  as  a function  of  the  structure  of  the 
material,  after  a preset  number  of  working  hours.  The  usefulness  of  this  test  is  well  known: 

- to  detect  an  early  decay  of  the  material  in  order  to  prevent  failures; 

- to  delay  the  end  in  service  of  the  pieces. 

The  consequences,  both  operational  and  economic,  are  readily  understandable. 

The  diffractographic  method  with  X-ray  plane  film  has  been  adopted  (see  Figure  1 ).  The  radiation  was  the  Fe 
K-alpha,  filtered  through  a Mn  filter,  radiation  got  from  a tube  (X-ray  source)  fed  by  50  kV  and  8 mA. 

Blades  were  of  A 1 -alloy;  the  experimental  procedure  was  suitable  to  take  diffraction  rings  corresponding  to  the 
matrix  structure  - lattice  planes  ((100))  - and  to  two  phases  dispersed  in  the  matrix.  The  Figures  2,  3,  5,  6,  7 and  8 
exemplify  the  critical  stage  of  the  structural  evolution  of  the  material,  established  in  108  examined  samples,  pertaining  to 
three  stages  of  the  jet  engine  compressor  in  study. 

Figures  2 and  3 concern  blades  of  the  second  and  the  third  stage.  Figures  5,  6,  and  7,  as  well  as  8,  blades  of  the  4th 
Stage  of  the  compressor.  The  operating  hours  were  2371,  2506,  2618  and  3160.  The  linear  mark  visible  on  each 
diffraction  pattern  corresponds  to  a direction,  normal  to  the  longitudinal  axis  of  the  blade,  oriented  towards  the  part  of 
greater  thickness  of  it.  All  the  patterns  were  taken  in  strictly  constant  geometric  conditions.  The  incident  beam  irradiated 
a circular  surface,  having  a diameter  of  2 mm , located  on  the  back  of  blades  and  at  1 /3  of  tr  jtudinal  development. 

The  phenomena  shown  by  the  patterns  indicate  the  existence  of  a critical  stage  of  decay  (about  2500  hours),  starting 
from  which  the  operational  oldness  of  the  material  begins.  Since  then,  in  normal  operating  conditions,  the  extension  of 
life  of  a component  is  to  be  considered  limited  and  nearly  constant.  Figure  9(b)  shows,  for  comparison,  the  diffraction 
pattern  of  a blade,  taken  by  a conical  diffractograph  ( 1 ).  The  diffraction  arcs  of  the  Figure  correspond  in  the  following 
way: 

- the  three  innermost  ones,  to  the  diffraction  rings  visible  in  the  previously-cited  figures; 

- the  two  outermost  ones,  to  diffraction  maxima  produced  by  the  lattice  planes  ((1 11))  and  ((311))  of  the  matrix, 
these  maxima,  given  by  beams  back-diffracted  almost  orthogonally  to  the  incident  beam,  are  not  observed  in  the 
plane  film  method. 
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PART  2 

Using  X-ray  diffraction  in  the  practice  of  NOT  has  been,  till  now,  strongly  hindered  because  the  techniques  connected 
with  it  are  considered  of  not  immediate  application  by  mean-level  technical  personnel  and,  besides,  not  suitable  to  give 
evident  and  meaningful  instrumental  responses  in  a short  time  interval  (order  of  minutes). 

i 

! This  part  illustrates  a device,  based  on  the  principles  of  the  conical  diffractograph  and  diffractometer  ( 1 ) (2)  and  of 

the  oscillographic  diffractometer  (3),  suitable  to  enable  fast  evidencing  of  changes  in  material  structures. 

Figure  9(a)  shows  the  device.  The  photograph  displays  a diaphragm-collimator  system  (A),  from  which  X-rays 
emerge,  produced  by  a source  B (tube),  almost  orthogonal  to  the  plane  of  the  Figure  and  the  head  of  which  is  covered  by 
the  electrical  motor  C,  which  has  the  function  of  driving  the  diffractometer.  The  irradiated  sample  is  D.  The  figure  shows 
the  detector  E (in  this  case,  proportional  with  Filling  of  Xe),  with  the  lead  which  connects  it  to  its  pre-ampliFier  F and, 
from  this  one, 'o  high  voltage  generator  and  to  counting  device  (G).  The  exit  diaphragm  H is  also  visible;  it  is  equippable 
with  a momochiomator  (proportional  counters  are  besides,  as  well  known,  discriminable).  The  detector  E is  mounted  on  a 
slide  (1),  running  on  an  arm  (K),  the  radius  of  curvature  of  which  has  centred  in  the  geometric  centre  L of  the  small  portion 
(order  of  cm’ ) of  the  surface,  on  which  X-rays  impinge. 

The  experimental  procedure  is  as  follows: 

After  feeding  the  X-ray  source  and  beginning  the  sample  irradiation,  the  slide  (1)  is  dispaced  along  the  arm  (K),  until 
the  geometry  of  the  system  corresponds  to  the  counting,  by  the  detector,  of  a maximum  of  diffracted  intensity.  Then,  the 
detector-carrying  arm  is  automatically  rotated,  by  the  electrical  motor  C.  This  arm  rotates  around  the  axis  passing  through 

I A (centre  of  diaphragm-collimator)  and  L (centre  of  the  irradiated  surface).  The  diffractometer  describes  an  almost 

complete  turn  in  1 or  2 minutes,  or  less.  It  rotates  around  the  primary  beam.  The  displacement  of  the  slide  along  the  arm 
K,  in  order  to  get  information  on  the  stresses  in  the  sample,  connected  with  changes  of  the  angle  20  (180°  - aLH),  can  be 
. achieved  by  another  electrical  motor,  not  displayed  in  the  figure.  Instead  of  a curved  counter-carrying  arm,  a linear  arm 

1 could  be  adopted  (see  also  Figure  1 2).  This  geometry,  closer  to  the  concept  of  conical  diffractograph,  exhibits  some 

I peculiar  advantages.  The  aperture  of  the  cone,  described  by  the  arm  during  its  motion,  can  be  varied  and  the  system  can  be 

I adapted  to  the  particular  geometries  of  the  components  under  test  (for  instance,  the  distance  source-sample  can  be 

I modified,  the  geometric  hindrance  of  the  arm  can  be  avoided,  etc.).  The  results,  gotten  by  the  device  shown  in  Figure  9(a) 

I:  are  displayed  in  the  Figures  5, 6,  7 and  8.  They  show  diffraction  patterns  got  by  sending  the  voltage  output,  coming  out 

j,  from  the  ratemeter  of  the  counting  device,  to  an  oscillograph,  so  that  the  Y (vertical)  axis  corresponds  to  the  intensity  of 

j the  diffracted  radiation  and  the  X (horizontal)  axis  — axis  of  times  — to  a quantity  proportional  to  the  angle  described,  by 

i‘  the  counter-carrying  arm,  during  the  revolution  around  the  axis  AL.  The  triggering  of  the  track  in  X-axis  is  synchronized 

!'  with  the  beginning  of  the  motion  of  the  arm.  For  the  operational  parameters  see  Table  1 . 

>1 

II 

I Figure  4 shows  a pattern  taken  with  the  arm  stopped.  Therefore,  intensity  fluctuations  are  due  only  to  the  stochastic  I 

nature  of  X-rays  emission.  So,  it  is  our  “zero”  for  evaluating  the  next  patterns.  Each  of  the  Figures  5—8  displays  a plane 
) Film  X-ray  diffraction  pattern  together  with  an  oscillographic  pattern,  taken  from  those  pertaining  to  the  blades  of  the 

same  stage  and  number  of  operating  hours.  The  complete  series  of  patterns  is  available  c/o  the  author.  Figure  5 pattern 
shows  a distribution  of  intensity  along  a diffraction  ring  31  ■ (2371  operating  hours).  There  is  evidently  a continuous 
distribution,  with  not  well  evidenced  minima  and  maxima.  This,  in  turn,  is  evidence  of  a structure  consisting  of  crystallites 
whose  linear  dimensions,  orthogonally  to  ((3 1 1 ))  planes,  are  of  the  order  of  magnitude  less  than  that  of  the  irradiated 
surface.  For  these  crystallites,  besides,  there  is  not  a preferred  orientation.  Figures  6 and  7 display,  on  the  contrary,  well 
: evidenced  discontinuities  in  patterns,  with  marked  maxima;  this  is  evidence  of  the  presence  of  just  few  crystallites  whose 

sections,  orthogonally  to  the  incident  beam,  are  comparable  with  the  irradiated  surface  (operating  hours  2506  and  2618). 

The  feature  of  the  patterns  is  also  typical  of  a strong  directionality  in  the  orientation  of  the  crystallites  in  a polycrystalline 
sample.  The  next  pattern  (Figure  8,  working  hours  3160)  evidences  a partial  recovery  of  the  initial  structure. 

There  is  coincidence  of  information  got  by  X-ray  classical  diffractography  and  by  oscillographic  diffractography;  the 
latter  is  however  much  faster  than  the  former  (1  minute  against  6 hours).  The  validity  of  the  method  goes  far  beyond  the 
example  reported  here:  wing  attachments,  fuselages,  engine  and  airframe  components  could  be  inspected,  in  several 
instances  without  disassembling. 


FARTS 

X-ray  oscillographic  diffractography  and  eddy  currents  testing  have  been  applied  in  parallel  to  steel  blades  taken,  after 
different  operating  hours,  from  the  same  compressor  as  the  light  alloy  blades.  The  operating  hours  pertaining  to  the  blades 
object  of  this  work  are  the  same  as  those  of  the  A 1 -alloy  blades  previously  treated.  Figure  10  displays  oscillographic 
diffraction  patterns  taken  according  to  the  conditions  illustrated  in  Table  2,  which  also  includes  the  parameters  concerning 
eddy  currents  tests. 

Figure  11  is,  as  usual,  the  “zero”  of  the  oscillographic  diffraction  patterns,  as  it  has  been  taken  in  the  same  con- 
ditions of  the  ones  of  Figure  1 0,  but  without  rotating  the  blade.  On  each  of  the  patterns,  the  area  A,  corresponding  to 
each  cycle,  has  been  measured  by  a planimeter  having  a prevision  of  0. 1 cm’ . 
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For  evaluating  the  results  got  by  eddy  currents,  the  differences  between  the  values  of  maximum  voltages 

taken  from  the  ends  of  the  metric  coil,  with  and  without  blade,  has  been  determined  by  an  oscillograph,  whereas  the 
differences  between  the  corresponding  RMS  values  were  measured  by  a digital  voltmeter.  These  values  are  indicated  by 
AVjff  (differences  between  RMS  values).  The  ratios  A/AVn,ax  and  A/AVjfr  are  listed  in  Table  3.  They  do  not  need 
any  explication.  The  total  diffracted  intensity  is  proportion^  to  the  voltage  changes  measured  in  eddy  current  testing 
system.  Figure  12  shows  the  diffractometric  device:  A is  the  steel  blade  which  rotates  around  a horizontal  axis  (period  1 
-2  s).  S is  the  source  of  X-rays  (tube),  B the  diaphragm-collimator  system,  D the  detector,  whose  output  feeds  the  Y-in- 
put  of  the  oscillograph. 


CONCLUSIONS 

Oscillographic  X-ray  diffraction  methods  of  testing  (X-ray  oscillographic  diffractoscopy)  have  proved  to  be  of  general 
validity  for  fast  NOT  of  materials.  They  do  retain  the  meaning  and  the  richness  of  information  obtainable  by  classical 
X-ray  diffraction  methods,  but  are  much  faster  in  performance  and  simpler  to  interpret. 


TABLE  1 


Source  of  X rays  ( tube,' 

— Target 

Cr 

- Voltage  (kV) 

20 

- Current  (mA) 

6 

Detector 

- Kind 

Proportional,  filled  with 

— Voltage  (V) 

1900 

— Output  voltage  pulses  gain 

1000 

Discrimination 

— Base  (V) 

8 

— Channel  (V) 

5 

Analytical  radiation 

Cr  K-Alpha 

- Wavelength  (A) 

2.291 

Diaphragms 

- Inlet  (circular) 

0 5 mm 

- Exit  (linear) 

1 X 12mm 

Filter 

V 

Diffracting  lattice  planes 

311 

- Interplanar  spacing  (A) 

1.221 

- Bragg  angle 

69-45'  6 

Distance  between  sample  and  focal  spot  (source) 

25  mm 

Incident  beam  aperture 

4-12' 

Oscillographic  device 

- Horizontal  sensitivity 

5 s/cm 

— Vertical  sensitivity 

1 V/cm 

— Grating  dimensions 

6 X 10  cm 

i 


84 


TABLE  2 


Source  of  X rays  (tube) 

- Target 

- Voltage  (kV) 

- Current  (mA) 

Detector 

- Kind 

- Voltage  (V) 

- Output  voltage  pulses  gain 

Discrimination 

- Base  (V) 

- Channel  (V) 

Analytical  radiation 

- Wavelength  (A) 

Diaphragms 

- Inlet  (linear) 

- Exit  (linear) 


Fe 

40 

12 


Proportional,  filled  with  Xe 
2000 
1250 


20 

30 

Fe  K-Alpha 
1.937 


2x12  mm 
1x12  mm 


Filter 


Hn 


Diffracting  lattice  planes 

- Interplanar  spacing  (A) 

- Bragg  angle 


1 10  alpha-phase 
2.027 
28‘’36'  e 


Incident  beam  aperture 


2“ 


Distance  between  sample  and  focal  spot  (source) 

Oscillographic  device 

- Horizontal  sensitivity 

- Vertical  sensitivity 

- Grating  dimensions 

Eddy  currents  analyzer 

- Frequency 

- Tums/cm 

- Dimensions  of  turns 

- Voltage  across  the  coil  (empty) 

- Waveform 


17  cm 


0,5  s/cm 
1 V/cm 
6x10  cm 


15  kHz 
100 

35  X 10  (in  mm) 
30  Veff 
sinusoidal 


TABLE  3 


Blade  nr. 

Ratio  A/AV^jx 
(cm’/V) 

Ratio  A/AVjfj- 
(cm’/V) 

1 

15 

19 

2 

15 

18 

3 

14 

17 

4 

15 

19 

5 

15 

18 

6 

14 

18 

7 

16 

19 

8 

15 

19 

9 

16 

19 

10 

14 

18 
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Sven  Malmqvist 
Research  Physicist 
Saab-Scania  AB,  Aerospace  Division 
S81  88  LinkOping 
Sweden 

Cracks  in  structures  may  originate  from  fastener  holes.  A method  has  therefore  been  developed  for  the  inspection  of  the  surface  of  a 
hole  with  the  bolt  removed. 

For  this  inspection  we  use  three  types  of  instruments  e g a stereomicroscope  and  a mirror  in  the  hole,  a surface  roughness  meter  and  an 
eddy  current  instrument. 

With  these  instruments  most  types  of  defects  may  be  indicated  and  evaluated. 

The  inspection  starts  with  an  examination  of  the  surface  of  the  hole  with  a stereomicroscope  with  built-in  lightning.  A minor  with  its 
reflecting  plane  at  45°  to  the  axis  of  the  hole  is  introduced  and  rotated  at  increasing  depths  in  the  hole,  fig  1 . Despite  the  adverse  angle 
of  incidance  of  the  light  for  the  examination  of  the  surface  this  method  works  satisfactorily  with  a trained  inspector.  Scratches,  cracks, 
corrosion  and  fretting  corrosion  damages  are  easily  observed,  but  it  is  difficult  to  estimate  the  depth  of  the  defects. 

However,  the  depth  of  scratches  is  measured  with  a surface  roughness  meter,  Surtronic  3,  which  has  been  modified  for  this  purpose.  The 
pick-up  which  has  an  outside  diameter  of  6 mm  is  placed  in  an  excentrically  bored  holder,  the  outer  diameter  of  which  is  approximately 
0,1  mm  less  than  the  diameter  of  the  hole.  A slot  and  a slight  deformation  make  the  holder  function  as  a spring,  pressing  the  measuring 
stylus  against  the  surface  of  the  hole,  fig  2.  The  holder  is  made  of  brass  and  is  covered  with  a nylon  layer  applied  by  powder  coating  in 
a fluidized  bed  unit.  By  turning  the  ny.  i layer  the  final  diameter  of  the  holder  is  obtained 

By  measuring  circumferentially  oriented  scratches  the  normal  motion  of  the  surface  roughness  meter  is  used  and  the  holder  is  connected 
to  the  meter  by  a flexible  plaxtic  tube. 

Axially  oriented  scratches  are  measured  by  connecting  the  holder  via  a flexible  spindle  to  a motor  that  rotates  the  holder  at  a speed  of 
about  one  revolution  per  minute. 

Scratches  that  have  grown  into  cracks  are  indicated  and  measured  with  an  eddy  current  technique.  A Multitest  EM  3300  with  a memory 
cathode  ray  tube  is  used  in  combination  with  probes  consisting  of  a coil  mounted  in  the  radial  direction  in  a nylon  bar.  The  coil  has  an 
outside  diameter  of  1 ,2  mm  and  is  wound  on  a ferrite  bar,  1 ,5  mm  in  length.  The  surface  of  the  hole  is  scanned  by  rotating  the  probe  at 
various  depths  in  the  hole  or  by  giving  it  a spiral  motion  in  the  hole,  fig  3. 

Calibrations  on  fatique  test  specimens  with  cracks  starting  from  a hole  have  shown  that  at  the  frequency  used,  1 00  KHz,  a linear  relation 
is  obtained  between  the  eddy  current  indications  and  the  depth  of  cracks  up  to  2 mm.  In  practice,  spurious  indications  are  obtained 
which  limit  the  positve  indication  of  cracks  to  a (minimum)  depth  of  0,2-0,3  mm.  Comer  cracks  with  an  area  of  about  0,5  mm2  are 
positively  indicated. 

In  some  types  of  holes  a bushing  is  inserted  to  reduce  the  fretting  between  the  bolt  and  the  surface  of  the  hole.  A good  interference  fit  is 
required  and  this  implies  that  a steel  bushing  is  preferred.  Also,  from  the  NDl  point  of  view  the  material  in  the  bushing  must  be  carefully 
selected  and  the  steel  A286,  a non  ma^etic  and  "hard  to  coldwork”  steel  has  shown  to  be  acceptable  if  a frequency  of  10  KHz  is  used 
for  the  eddy  current  inspection.  Insertion  of  a bushing  with  a wall  thickness  of  I mm  will  rise  the  limit  of  detection  with  a factor  of  2. 

The  use  of  bushing  will  of  course  preclude  the  possibility  of  visual  inspection  of  the  aluminium  surface  and  in  this  case  eddy  current 
methods,  ultrasonic  methods,  e g the  Rotoscanner,  and  possibly  radiographic  inspection  are  the  only  applicable  NDI  techniques. 

In  holes  without  bushings,  however,  the  use  of  the  visual  inspection,  the  surface  roughness  meter  and  the  eddy  current  instrument 
constitute  an  inspection  technique  by  the  aid  of  which  surface  defects  ranging  from  a few  micrometers  to  several  millimeters  in  depth 
can  be  detected  and  measured. 
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by 

R.J.Schliekelmann 
Fokker-VFW 
Schiphol-Oost 
The  Netherlands 


The  four  methods  for  non-destructive  inspection  that  are  the  subject  of  this  session  can  all  be  classed  as  “exotic” 
when  seen  from  the  eyes  of  the  average  NDI  engineer.  They,  however,  differ  among  themselves  considerably  in  nature. 
When  they  could  be  classed  as  “exotic”  that  does  not  mean  to  say  that  they  must  be  complicated  or  difficult  either  in 
principle  or  in  application.  A striking  example  of  that  is  given  by  the  method  as  presented  by  Dr  H.Walther  for  measure- 
ment of  sub-surface  deterioration  by  means  of  relative  magnetic  susceptibility.  The  key  for  development  of  new  non- 
destructive inspection  methods  in  general  is  to  find  a parameter  that  can  be  measured  rather  easily  but  which  has  a close 
correlation  with  the  material  property  to  be  measured.  In  the  case  as  discussed  it  concerns  steel  super  alloys,  such  as  used 
in  turbine  blades,  that  may  detrimentally  change  composition  due  to  high  operational  temperatures.  This  is  caused  by 
oxidation  and  carburization  in  sub-surface  layers.  The  method  uses  the  phenomenon  that  this  deterioration  causes  change 
in  the  ratio  of  ferro-magnetic  constituents  (Fe,  Co  and  Ni)  against  non-ferro-magnetic  constituents,  such  as  chromium. 

By  using  a very  sensitive  magnetometer  small  local  compositional  changes  can  be  measured.  The  method  thus  works  at 
zero  frequency  and  has  low  sensitivity  for  the  quality  of  the  contact.  In  its  simplicity  of  principle  and  application  this  is 
an  example  of  the  ideal  of  the  non-destructive  testing  engineer. 

The  method  as  described  by  Dr  P.Kzzi,  using  small  angle  neutron  scattering  is,  for  the  time  being,  only  available  to 
those  of  us  who  have  a suitable  neutron  radiation  source  and  the  further  rather  sophisticated  installation.  However,  also 
that  method  is  able  to  measure  anomalies  below  the  surface  to  be  inspected.  It  would  be  interesting  to  know  where  both 
methods  overlap  each  other  in  capability  and  where  application  areas  remain  not  accessible  to  both  methods.  A solution 
of  these  questions  could  possibly  be  a positive  factor  for  the  urgence  of  development  of  more  readily  available  and  mobile 
neutron  radiation  sources  that  have  proven  to  be  very  useful  for  inspection  of  p.e.  adhesively  bonded  and  advanced  com- 
posite structures. 

The  X-Ray  diffraction  technique  as  described  by  Dr  D.Kirk  is  typical  a method  that  makes  an  accurate  analysis  of 
the  conditions  of  a component  and  from  there  predicts,  what  the  residual  stresses  in  the  inside  may  be.  This  is  done  by 
measuring  very  small  strains  in  the  material  from  changes  in  the  spacing  in  the  crystal  plains.  By  step-by-step  etching 
away  surface  material  and  subsequent  diffration  measurements  a rather  complete  picture  of  the  original  residual  stress 
condition  can  be  obtained.  By  this  etching  method  attention  must  be  paid  to  possible  stress  relieve  in  the  material  due 
to  distortion  after  etching  of  an  unrestrained  component. 

The  method  as  presented  by  Lt  Col.  Dr  A.Tronca  is  a useful  addition  to  the  method  of  X-Ray  diffraction,  as 
discussed  before,  as  it  uses  a different  way  of  presenting  the  inspection  results.  The  complicated  method  of  measurement 
of  the  intensities  by  means  of  a Geiger  type  counter  is  replaced  by  an  instrument  that  presents  on  an  oscilloscope  the 
diffractions  in  circles  with  different  radii. 

Concluding,  the  wish  is  expressed  that  study  of  these  inspection  methods  will  reveal  clearly  where  these  sophisticated 
NDI  methods  fill  gaps  between  or  overlap  existing  NDI  methods. 

This  session  was  completed  by  an  initially  non  scheduled  lecture  by  Mr  S.Malmqvist,  describing  his  experience  with 
the  detection  of  small  fatigue  cracks  in  critical  loaded  holes  of  8 mm  diameter.  The  effective  method  used  rotating  Eddy 
Current  probes  with  very  small  coils  at  100  kHz  in  combination  with  a memory  cathode  ray  oscilloscope.  During  this 
lecture  the  crucial  point  of  the  influence  of  the  human  element  in  the  reliability  of  the  NDI  end-result  formed  an 
important  subject.  That  must  be  considered  as  one  of  the  most  important  topics  when  now  and  in  the  near  future  more 
and  more  emphasis  is  placed  on  NDI  for  judgement  of  the  reliability  of  important  aerospace  components. 
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DISCUSSION  SUMMARY 
Session  II  — Part  1 


T.Gaymann  (G£) 

We  have  heard  a very  clear  paper  about  x-ray  diffraction  from  Dr  Kirk.  From  the  paper  it  seems  that  this  is  a very 
suitable  method  for  determining  residual  stresses.  Although  the  basis  of  the  method  has  been  known  for  some  time 
and  it  has  been  improved  recently,  nevertheless  it  appears  to  be  very  rarely  used,  even  in  laboratories.  1 would  like 
to  have  the  difficulties  and  disadvantages  of  this  method  explained. 

D.Kirk  (UK) 

I would  agree  in  part  with  Dr  Gaymann,  since  99%  of  the  residual  stress  measurements  which  are  made  are  never 
published.  I have  seen  only  50  or  60  papers  dealing  with  this  subject,  although  1 have  personally  carried  out  over 
300  investigations,  each  of  which  would  correspond  to  a paper.  This  is  also  the  case  in  many  other  companies,  so 
the  situation  is  like  an  iceberg  and  we  are  only  seeing  the  tip  of  it. 

There  are  a certain  number  of  problems;  if  there  were  no  problems,  a lot  more  people  would  be  using  the  technique. 
One  of  the  problems  is  that  the  process  is  fairly  expensive  because  it  is  time  consuming,  but  there  are  a lot  of  deve- 
lopments taking  place  to  speed  up  the  measurements.  For  many  years  there  has  been  a technique  in  America  called 
“Fast  Stress”  and  now  the  Japanese  have  brought  out  “Strain  Flex”.  The  Americans  are  also  funding  developments 
in  various  universities,  but  some  of  these  will  end  up  as  white  elephants.  A lot  of  work  is  being  done  on  the  improve- 
ment of  the  equipment,  and  someone  will  eventually  solve  the  mechanical  problems  involved  in  measuring  the 
residual  stresses  rapidly. 

P.Pizzi  (IT) 

With  the  technique  of  neutron  scattering  we  improve  our  non-destructive  investigations  by  an  o'der  of  magnitude. 
This  is  very  important  because  with  the  development  of  new  materials  and  with  the  need  to  control  very  small  flaws 
and  their  propagation,  it  is  very  necessary  to  have  techniques  of  this  type.  Although  there  is  the  problem  of 
requiring  a nuclear  reactor,  we  should  remember  that  nuclear  reactors  exist  and  the  real  problem  is  to  use  them  in 
the  correct  way.  We  should  also  remember  that  neutron  generators  are  very  small  and  not  so  expensive,  and  it 
should  be  possible  to  reduce  the  volume  of  the  equipment  required  so  that  it  will  fit  into  a small  room  in  the  near 
future. 

T.Sharples  (UK) 

Dr  Kirk  gave  examples  of  very  small  values  of  residual  stresses.  These  implied  great  accuracy  of  prediction,  so  I 
would  ask  him  to  speak  about  the  tolerances  implicit  in  his  technique.  It  also  surprised  me  that  such  small  stresses 
were  giving  fatigue  problems  in  service,  since  they  were  such  a very  small  percentage  of  the  ultimate  strength  of  the 
material. 

D.Kirk  (UK) 

The  question  of  accuracy  is  perhaps  the  most  important  problem  that  I deal  with.  A lot  of  people  have  obtained 
erroneous  results  by  not  paying  sufficient  attention  to  detail.  The  technique  depends  fundamentally  upon  the 
lattice  of  the  material;  if  one  has  a material  with  a sharp  diffraction  pattern  such  as  aluminium  alloy,  then  one  can 
measure  stresses  with  very  great  accuracy  - about  100  Ib/sq  in.  If  on  the  other  hand  one  has  a hardened  steel  with  a 
very  broad  diffraction  line,  then  the  corresponding  accuracy  approaches  500  Ib/sq  in.  The  accuracy  is  also  a 
function  of  the  geometry  of  the  sample. 

The  questioner  was  surprised  that  failure  occurred  in  service  when  the  residual  stresses  at  the  surface  were  so  low. 

The  strength  of  a chain  is  its  weakest  link,  and  when  a component  is  subjected  to  stresses  fairly  close  to  its  fatigue 
strength  then  it  will  fail,  even  though  the  residual  stresses  are  only  a small  fraction  of  the  ultimate  strength. 

W.N.Reynolds  (UK) 

I have  a question  for  Dr  Pizzi.  When  using  low  angle  neutron  scattering,  the  defects  we  observe  are  much  smaller 
than  the  critical  size  defects  which  one  is  worried  about  in  structural  testing  or  in  service,  when  what  one  is 
observing  is  not  an  intensive  defect  but  an  extensive  effect.  The  factor  which  one  wants  to  relate  to  extensive 
changes,  that  is  to  say  to  massive  changes  of  property,  is  the  change  in  fracture  toughness.  1 therefore  wish  to  ask 
Dr  Pizzi  if  any  work  has  been  done  in  relating  the  sort  of  changes  which  one  can  observe  to  the  fracture  toughness 
of  the  material. 

1 also  wish  to  ask  about  the  inspection  of  fibre  reinforced  composites.  If  you  can  observe  low  angle  neutron 
scattering  which  is  realty  characteristic  of  the  fibre  matrix  boundary,  and  one  is  completely  satisfied  that  the  effect 
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of  the  fibres  and  the  matrix  have  been  eliminated,  then  we  have  a tool  with  which  we  may  study  the  degeneration  of 
composite  materials  under  different  environmental  conditions  which  cause  changes  in  the  fibre/matrix  bonding. 

P.Pizzi  (IT) 

1 agree  with  you  that  we  obtain  bulk  volume  information,  and  the  average  dimension  is  less  than  the  critical 
dimension  which  would  be  useful  for  fracture  mechanics.  However,  this  is  not  true  for  all  materials.  For  example  in 
I the  case  of  ceramics  (in  particular  silicon  nitride)  where  the  range  of  the  very  small  dimension  is  in  the  order  of 

microns,  then  this  is  a very  useful  technique. 

My  second  point  is  that  the  method  is  not  only  dependent  upon  the  defect  but  also  on  the  structural  deformation 
process.  This  is  very  important,  because  to  my  knowledge  all  non-destructive  investigations  to  date  have  been 
orientated  towards  the  detection  of  large  cracks.  They  have  not  been  concerned  with  the  micro-structural  degenera- 
tion process.  This  would  be  important  if,  for  example,  one  is  rejuvenating  turbine  blades  by  heat  treatment  and 
wishes  to  avoid  a dangerous  phase. 

I have  insufficient  experience  in  the  field  of  composites  to  deal  with  your  second  question.  My  presentation  was 
directly  concerned  with  an  experiment  performed  two  years  ago  and  which  was  mainly  orientated  towards  nickel 
super  alloys  and  steels.  I think,  however,  that  this  technique  could  give  important  information  about  composite 
materials,  because  the  magnitude  of  the  voids  is  of  the  order  of  100  Angstrom,  which  is  a useful  range  for  neutrons. 

W.N.Reynoids  (UK) 

Did  you  measure  the  change  in  fracture  toughness  with  the  change  of  the  quantities  that  you  can  observe? 

P.Pizzi  (IT) 

I have  correlated  the  evolution  of  micro-structure  to  the  residual  life  of  the  alloy,  in  other  words  I have  correlated 
the  diminution  of  the  characteristics  of  the  material  indirectly  by  comparing,  for  example,  creep  experience  with  the 
micro-structural  degeneration. 
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SUMMARY 

I 

The  result  of  our  investigations  show  that  ''doping"  or  ’’Internal  friction"  and  i 

frequency  measurements  can  be  employed  for  the  study  and  detection  of  macroscopic 

defects  as  well  asmicroscopic.  For  instance,  flow  detection  and  quality  control  can  be  j 

made  as  well  as  the  measru’ements  of  some  physical  properties.  j 

The  last  decade  has  witnessed  in  the  progress  of  nondestructive  testing  techniques 
that  a gradual  transformation  has  occured  from  macroscopic  properties  of  mate]:*lals.  This 
extended  the  capabilities  of  nondestructive  testing  techniques  to  their  ultimate  limits.  i 

It  is  quite  obvious  that  in  the  near  future  the  damping  properties  of  materials  will 
carry  much  greater  weight  in  the  nondestructive  technology.  i 


I.  INTRODUCTION 

"Nondestructive  testing"  is  a general  name  given  to  all  test  methods  which  permit 
testing  or  inspection  of  material  without  impairing  its  future  usefulness.  As  Me  Master{l) 
defined,  it  is  the  art  which  includes  all  possible  methods  of  detection  or  measvirement 
of  the  properties  or  performance  capabilities  of  materials,  parts,  assemblies,  structures, 
and  machines,  which  do  not  damage  or  destroy  their  serviceability.  Thewlis  (2)  made  a i 

more  concise  definition  as  the  test  which  in  a particular  context  will  not  damage  the  | 

material  being  examined  to  such  an  extent  or  in  such  a fashion  as  to  render  It  incapable  ; 

of  being  used  for  the  purpose  for  vidiich  it  was  originally  intended.  These  definitions 
indicate  that  a given  test  nay  not  be  nondestructive  in  all  circumstances.  ' 

i 

From  an  industrial  viewpoint,  the  purpose  of  nondestructive  testing  is  to  determine  | 

whether  a material  or  part  will  satisfactorily  perform  its  intended  function.  Absolute,  j 

perfect  ,and  sound  industrial  material  does  not  exist.  Any  correctly  applied  nondestruc-  J 

tlve  test  can  tell  only  whether  the  relative  soundness  of  a specimen  lies  within  speci- 
fied tolerances. 

The  above  deflnltldns  indicate  that  nondestructive  testing  is  far  older  than  one 
usually  thinks.  Archimedes  was  one  of  the  earliest  investigators  in  NDT;  around  200  6.C. 
he  used  the  principle  of  flotation  to  determine  vdiether  a crown  was  made  of  gold. 

"Candling"  of  eggs  is  another  nondestructive  teat  method  which  was  first  used  by  the  i 

farmer. 

One  of  the  oldest  nondestructive  tests  involves  striking  a specimen  with  a hammer 
and  listening  to  the  sound  produced.  This  was  presumably  used  by  the  ancients  to  oheck 
whether  their  baked  clay  pots  and  their  glassbottles  were  sound.  The  existence  of  a flaw 
is  indicated  by  an  "off  tone"  ring  and  a rapid  diminishing  of  sound  intensity.  This 
method  is  not  too  reliable,  because  the  frequency  of  the  sound  emitted  is  somewhat  de- 
pendent on  the  way  the  specimen  Is  supported  and  the  speclmenis  struck.  This  is  the 
basic  principle  involved  in  damping  measurements.  The  natural  frequencies  of  some  spe- 
mens  may  be  beyond  the  audible  range  but  this  difficulty  can  be  overcome  by  use  of  sui- 
table electronic  instruments.  The  rate  at  which  the  sound  intensity  of  a vibrating  spe- 
cimen decreases  is  a characteristic  of  the  condition  of  the  material.  The  unaided  human 
ear  can  determine  differences  as  large  as  20  ^ in  the  decay  time.  In  recent  years,  the  ^ 

rate  of  attenuation  of  vibrations  in  solids  has  been  the  subject  of  many  investigations. 

The  attenuation  measurements  and  the  natxu^l  frequency  tests  are  both  nondestructive, 
because  the  vibration  amplitudes  are  usually  so  small  that  the  stresses  produced  in  the 
specimen  have  no  or  a negligible  effect  on  the  material. 


By  the  use  of  attenuation  and  frequency  measurements,  flaw  detection  and  qtiality 
control  can  be  made  as  well  as  the  measurements  of  the  elastic  moduli,  ooeffloents  and 
activation  energies  of  diffusion,  distribution  and  oonoentration  of  point  defects,  size 
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size  of  clusters  of  foreign  atoms,  dislocation  densities  and  velocities,  loop  length  of 
dislocations,  Peierls  energy,  energies  of  formation  of  dislocation  kinks,  etc.  Some 
physical  and  metallurgical  phenomena  such  as  annealing  and  cold-working,  plastic  defor- 
mation, phase  transformations,  fatigue,  effects  of  irradiation,  ferromagnetism  have 
also  been  investigated. 


IX.  NATURAL  VIBRATIONS 


1. 


THEORY 


Every  specimen  has  certain  characteristic  frequencies  at  which  it  can  be  made  to 
vibrate.  Resonance  may  be  defined  as  the  excitation  of  a system  by  matching  the  frequency 
of  an  applied  force  to  a characteristic  frequency  of  the  system.  The  characteristic  fre- 
quencies are  functions  of  the  size,  shape,  mass,  elastic  properties  and  mode  of  vibration 
produced  in  the  specimen.  The  natural  frequencies  can  therefore  be  expressed  as: 


P = (Shape  factor)  X (Physical-constants  factor) 


(1) 


The  shape  factor  includes  length,  width  and  thickness,  and  the  physical  constants  factor 
consists  of  the  modulus  of  elasticity,  density,  Poisson's  ratio. 

Tho  above  equation  can  be  used  for  calculating  the  modulus  of  elasticity  when  the 
natural  frequency  of  vibrations  is  determined. 

A given  sample  can  be  made  to  vibrate  in  one  of  the  following  modes: 

A.  Flexural  mode;  This  mode  of  vibrations  is  shown  in  Fig.l  . 

B.  Longitudinal  mode:  Pig. 2 shows  a bar  vibrating  in  compression-tension  or  longi- 
tudinal mode  with  a single  node  at  its  geometric  center. 

The  frequency  equation  for  a rectangular  bar  of  cross-section  (A  = hxb)  which  is 
vibrating  longitudinally  or  flexurally  is  given  by  Mo  Master  (3)  as. 


f = (kV2JrL^)\yE  I g / A p 


(2) 


Where 


f=  frequency , ops. 
k=  a constant  depending  upon  mode  of  vibration. 
L=  length,  cm.  2 

E=  Young's  modulus,  Kg/om  . 

1=  Moment  of  Inertia,  b h'^  / 12.  2 

g=  acceleration  due  to  gravi^,  om/aec  . 

A=  area  of  cross-section,  cm^  . 
p=  density,  Kg/cm"^  . 

For  a square  bar  Bq.(2)  takes  the  form, 


f = 


k^  h 
2 IT  L‘ 


• \/  E g / 12  p 


(3) 


or  collecting  constants  and  using  for  k a value  of  4.73  for  the  fundamental  flexitral 
mode  of  an  xuisupported  lar. 


or 


B » 0.00242  f^  l'^  p / h^ 


(4) 


The  wavelength  (^)  of  the  fundamental  longitudinal  resonance  frequency  is  related 
to  the  sample  length  (L)  by, 

^ = 2 L (5) 

for  fundamental  flexural  resonant  frequency  the  above  equation  becomes, 

- L / 2 (6) 

From  any  of  the  above  equations  thin-rod  aonio  velocity  may  be  oaloulated.  From  Eq.(5) 
one  obtains. 


(7) 
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where  V = the  thin  rod  sonic  velocity  in  cm/sec.  Sound  velocities  may  also  be  measured 
by  ultrSsonic  techniques.  In  this  case  the  "bulk"  velocity  (V^)  is  measured  which  is 
given  in  cm/sec  by, 

= 40.6  h / L^(E  / p)  (l-or)  / (l+(r)(l-2(r)  (8) 

where  <r=  Poisson's  ratio.  It  is  seen  that  the  ratio  of  the  ultrasonic  bulk  velocity  to 
the  resonant  thin-rod  velocity  is, 

V.Ag  = yd-a)  / (l+IT)  (1-2(1)  = f(a  ) (9) 

C.  Tcrsional  mode:  A bar  may  vibrate  in  the  twisting  or  torsional  mode,  as  shown 
in  Pig.3t  with  a single  nodal  plane  at  its  center.  The  frequency  equation  (4)  for  this 
case  is: 


G = B W f^ 


(10) 


Where  f=  torsional  frquenoy 

G=  shear  modulus 
W=  weight  of  the.specimen 
B=  4 L R / g A i'^ 

L=  specimen  length 
As  cross-sectional  area 

i=  unity  for  first  mode,  two  for  second,  etc. 

R=  ratio  of  polar  moment  of  inertia  to  the  shape  factor  for  torsional 
rigidity.  The  ratio  R is  unity  for  a circular  cylinder  and  1.183  for  a prism  of  square 
section.  For  rectangular  sections  it  is  given  by 

R = (a/b  + b/a)  / (4aA  - 2.52(aA)^  + 0.21(aA)^)  (11) 

Circular  Plate: 

a.  A thin  unsupported  circular  plate  (disc)  may  vibrate  in  flexure  in  the  gravest 
diametrical  mode,  shown  in  Fig. 4 , with  two  nodal  diameters  crossing  at  right  angles. 
Grinding  wheels  are  tested  for  flaws  and  cracks  by  this  technique  He  Master  (3), and 
Bordonl  et  al  (5)  have  investigated  low  temperature  internal  friction  peak  in  circularly 
shaped  Nb  specimens. 

b.  Radial  mode:  A circular  plate  may  vibrate  in  compression-tension  in  the  gravest 
radial  mode  , shown  in  Fig. 3,  with  a single  node  at  its  center. 

Fcr  a circular  plate,  the  general  frequency  equation  is: 


77  V 


g D / p h 


(12) 


Where  f=  freouenoy,  (^s. 

D=  E h"*/  12(1-(P)  modulus  of  r^idity,Kg-cm. 

E=  modulus  of  elasticity.  Kg/cm  . 
r=  radius,  cm. 
hs  depth,  cm. 

k=  censtant, depending  upon  mode  of  vibration. 
p=  density, Kg/om^. 
f=  Poisson's  ratio. 

Solving  the  equation  for  frequency,  using  a value  for  k of  5.25  for  the  two-nodal 
diameter  mode  , gives 


f - / (i-(r^)  p 


or 


E - 0.0445  f^  r^  p ( 1-f^  ) / h^ 


(13) 


0.  Circular  plate  with  axial  hole:  A special  case  is  the  circular  plate  with  an 
axial  hcle,  such  as  an  abrasive  wheel,  as  shown  in  Fig. 6 . A correction  factor  has  been 
developed  for  the  two-nodal  diameter  mode  which  involves  the  hole  radius  (R)  and  the 
plate  radius  (r)  as  (1  - (R/r)^)  . With  this  factor  applied  the  frequeivsy  equation  for 


the  two-nodal  diameter  mode  of  the  plate  takes  the  form. 


2.  INSTRUMENTATION  AND  APPLICATIONS  OP  NATURAL  VIBRATIONS. 

a.  Applications: 

Dynamic  testing  is  a non-destructive  testing  method  by  which  the  physical  proper- 
ties of  certain  materials  may  be  assessed  or  predicted  from  an  evaliuition  of  the  reso- 
nant frequency  of  vibration  of  a sample.  There  are  many  examples  of  resonance  in  daily 
life.  Perhaps  the  moat  remarkable  is  the  tuning  of  a radio  or  television  receiver, 
making  the  set  respcnd  only  to  the  electromagnetic  wave  for  which  it  is  tuned  permitting 
amplification  to  an  audible  level  . 

When  suitably  set  up  for  dynamic  testing,  most  specimens  of  material  will,  as  a 
rule  exhibit  resonance  in  the  sonic  frequency  range,  i.e.  below  20  000  Hz.  Prom  the 
knowledge  of  the  dimensions,  the  density,  and  the  resonant  frequency,  the  appropriate 
modulus  may  be  calculated.  There  is  a direct  relationship  between  the  resonant  frequency 
and  the  tensile  strength  of  the  material,  which  may  be  a forging  or  a casting  (as  in 
the  case  of  a crankshaft).  In  cast  iron  the  strength  depends  on  the  percentage  of  flake 
or,  as  the  case  may  be,  nodular  graphite.  By  comparing  the  object  with  a known  reference 
it  is  therefore  possible  to  confirm  extremely  quickly  whether  subsequent  production  of 
the  same  shape  or  form  and  dimensions  equals  the  reference  standard.  In  other  words 
this  method  may  also  be  used  as  a ” Go  - No  go  " selector. 

The  acoustic  resonance  vibration  tests  have  so  far  been  applied  to  the  measurement 
of  the  following  physical  quantities  such  as: 

1.  Length,  width,  thickness,  diameter. 

2.  Modulus  of  elasticity  (e) 

3.  Shear  modulus  (G) 

4.  Poisson’s  ratio  (O') 

5.  Density  (p) 

6.  Modulus  of  rupture 

7.  Damping  capacity 

8.  Plaws  or  other  inhomogeneities 

9.  Precipitation 

10.  Order-disorder  transformations,  phase  transformations 

11.  Magnetism 

12.  Effects  of  alloying 

13.  Cold  working  and  texture 

14.  Temperature  dependence  of  E,  G,  , Modulus  of  rupture.  Damping  capacity. 
Items  1,2, 3,4  and  3 can  be  calculated  through  the  frequency  equations  as  explained  in 
the  previous  section.  Items  6,8, 9, 10, 11, 12, and  13  can  be  investigated  by  observing  the 
changes  of  the  elastic  modulus  (6).  The  temperature  dependence  data  of  the  dynamio  elas- 
tic modulus  can  be  used  directly  for  strength  calculations  of  structures  operating  at 
elevated  and  reduced  temperatures,  and  the  inflections  and  other  anomalies  obsei^ed  in 
E(T)  make  it  possible  to  find  with  high  accuracy  the  temperature  at  the  beginning  and 
the  end  of  processes  such  as  recrystallization,  graphitization,  quenching  and  tempering, 
precipitaticn  hardening,  plastic  deformation,  strain  aging  and  recovery. 

In  the  Aston  University  (97)  the  changes  that  occur  in  the  characteristic  frequen- 
cies have  been  employed  as  a means  of  nuclear  reactor  control  . The  intgrnal  temperatxu'e 
of  a nuclear  reactor  has  been  measured  up  to  almost  2000  C with  about  2 C uncertainty. 
Changes  in  temperature  could  be  closely  followed  through  the  changes  in  the  characteris- 
tic frequencies.  Although  this  approach  may  not  have  the  precision  of  other  methods,  it 
has  other  advantages,  first  a wider  range  of  materials  can  be  considered  for  use,  and 
noise  due  to  radiation  effects  on  electrically  conducting  elements  is  avoided.  Further- 
more, by  using  reasonably  high  frequencies  (^olOO  KHz)  and  modest  band  widths,  interfe- 
rence from  mechanical  noise  is  reduced.  In  the  seune  laboratories  studies  of  vibration 
modes  of  thick  cylinders  have  been  applied  to  the  problem  of  detecting  flaws  in  large 
blocks  of  carbon.  Here  the  interested  potential  users  are  people  who  operate  arc  furna- 
ces for  steel  smelting,  using  cylinders  60  cm  in  diameter.  Flaws  in  these  lead  to  costly 
furnace  shutdown,  thus  any  reliable  nondestructive  testing  method  would  be  welcome.  By 
excitation  of  several  different  oscillation  modes  and  with  observation  of  both  resonant 
frequencies  and  damping  coefficients  this  has  been  possible. 
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Elastic  moduli  have  been  measured  by  the  resonance  vibraticn  method  in  an  extensive 
number  of  materials,  e.g.  in  spring  materials  such  as  Aluminium,  Tin-Fhosphorus,  Siliccn 
-Uanganese,  Tin-Zinc  bronzes  and  also  in  stainless  steel  and  48  ^ Zn-brass  (7)  . 

The  effect  of  porosity  on  the  modulus  of  an  otherwise  homogeneous  material  has  been 
the  subject  of  a number  of  theoretical  and  experimental  investigations.  An  extensive 
bibliography  avilable  on  this  subject  shows  that  the  effective  modulus  of  a porous 
material  is  related  to  the  shape  and  distribution  of  porosity  in  addition  to  the  total 
void  fraction  (89,  90,  91,  92)  . 

Marlowe  and  Wilder  (93)  have  studied  sintering  kinetics  of  powder  metals  through 
the  changes  in  resonant  frequency  of  a bar  during  sintering.  Brockelman  (94)  correlated 
tensile  strength,  pore  shape  and  orientation  with  thin-rod  sonic  velocity  or  the  ultra- 
sonic velocity  of  sintered  materials.  As  illustrated  by  Plg.7>8the  sintered  density  is 
inadequate  as  a criterion  of  powder  metal  quality  but  velooity  of  sound  propagation  is 
a better  measure  (as  for  the  strength  of  the  material).  Brockelman  (94)  reports  that 
nonuniformities  which  probably  originate  during  the  pressing  process  affect  appreciably 
the  resonant  frequency  of  prealloyed  steel  powder  specimens  thus  presenting  a method  of 
detection. 

Precipitation  processes  have  been  studied  in  maiy  alloy  systems  such  as  Al-Cu, 

Al-Ag,  Al-Zn,  Al-Hg,  Au-Ni  by  elastic  modulus  measurements.  Fig. 9 shows  the  results 
of  the  work  of  Tanaka  et  al  (8)  on  Al-Ag  alloy  specimens.  Aging  occurs  in  two  stages 
in  this  alloy,  corresponding  to  the  first  and  second  stages  of  hardening.  Below  200*^0 
aging  causes  first  a decrease  and  then  an  increase  in  the  modulus.  In  the  first  stage 
Ouinier- Preston  zones  are  formed,  while  in  the  second  stage  an  Al^g  phase  precipitates 
which  is  coherent  with  the  lattice  .At  temperatures  above  210°C  the  O-P  zones  are 
unstable  and  the  modulus  increases  with  the  precipitation  of  the  Al^Ag  phase. 

Effect  of  order-disorder  transitions  on  Young's  Modulus  is  seen  in  Fig. 10.  The 
upper  curve  illustrates  the  effect  in  Cu-Zn  (beta  brass)  and  Mg.Cd,  whereas  the  lower 
curve  shows  the  effect  as  obseirved  in  Cu.Au,  Cu.Pd,  Ni.Fe  and  Ni^Mn  . The  longe-range 
order  decreases  with  temperatiire  up  to  tne  Curie  point,  T , above  which  complete  disor- 
der exists. 

If  a tensile  stress  is  applied  to  an  unmagnetized  ferromagnetic  solid,  its  length 
increases  as  a result  of  two  effects  : (a)  elastic  expansion,  and  (b)  expansion  due  to 
magnetostriction,  i.e.,  expansion  resulting  from  the  orientation  of  magnetization  under 
stress.  Magnetostriction  causes  the  Young's  modulus  to  depend  both  on  the  strain 
amplitude  and  the  Intensity  of  magnetization;  this  is  illustrated  schematically  in 
Pig. 11  (9). 

Some  phase  transformations  have  been  investigated  through  the  variation  of  elastic 
constants  . Fine  et  al  (10)  made  a systematic  study  of  the  phase  transformations  in 
Chromium^by  this  technique.  Phase  changes  of  second  degree  were  observed  by  them  at  37 
and  -152  C . At  37  C a sharp  dip  occured  in  the  modulus  vs.  temperature  curve  (Fig. 12). 

Measurements  of  other  properties  showed  no  indication  of  this  phenomenon  . It  is  suspec- 
ted that  at  37°C  an  electronic  rearrangement  occurs  since  no  hysteresis  is  observed. 

The  effect  of  alloying  in  the  dilute  and  finite  concentration  ranges  is  of  some  im- 
portance to  the  theory  of  alloys.  Bradfield  and  Pursey's  (11)  investigations  of  Young's 
modulus  is  slightly  smaller  than  expected  (Fig. 13)  . This  effect  disappears  with  careful 
annealing  and  is  attributed  to  the  relaxation  of  weakly  pinned  dislocations  In  the  near- 
ly pure  material.  Annealing  reduces  the  dislocation  density  or  causes  a more  complete 
segregation  of  solute  atoms  along  dislocations. 

Elastic  moduli  decrease  with  introduction  of  small  amounts  of  cold  work.  This  effect 
makes  it  possible  to  study  the  cold  working  of  metals  by  modulus  measurements.  Granato 
and  LUcke's  (12)  theory  predicts  frequency,  strain  amplitude,  and  dislocation  loop  length 
dependence  of  elastic  moduli. 

b.  Instrxifflentation  used  in  vibration  tests  : 

For  excitation  of  longitudinal  and  flexural  vibrations  in  the  samples,  different 
types  of  test  setups  have  been  developed.  Such  apparatus  usually  consists  of  a vibrator 
and  a pick  up,  which  in  some  cases  may  be  combined  together.  The  vibrator  induces  vib- 
rations in  the  specimen  and  the  pick  up  detects  them,  thus  making  it  possible  to  measure 
the  vibrations  or  their  damping  in  the  specimen  (13)<  Grandchamp's  (14)  apparatus,  as  -i 

seen  in  Figs. 14  and  15,  operates  on  the  principle  of  electrostatic  excitation  and  deteo-  J 

tion.  This  assembly  outs  the  excitation  when  the  vibration  amplitude  is  above  the  top  I 
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level,  oountB  the  oaclllations  falling  between  the  two  levels  during  the  damped 
vibration,  and  resets  the  excitation  when  the  measurement  is  finished.  The  system 
of  Pig. 15  is  now  being  manufactured  by  mass  production  (15) • 

Hasiguti  et  al's  (16)  apparatus  is  seen  in  Fig. 16  which  was  used  in  the  determina- 
tion of  concentration  of  point  defeots,  dislocation  densities  and  crystal  structiure  in 
Uranium  , Uranium  dioxide  and  Zr-alloys. 

Dr.  FQrster  (17,18)  designed  and  produced  the  Instrument  of  Figs. 17  and  18.  This 
instmunent  can  record  semiautomatioally  the  Yoxuig's  modulus,  shear  modulus  of  any  mate- 
rial which  can  be  excited  mechanically  to  vibrate  . In  Fig. 17  when  the  switch  S is 
moved  to  position  1 the  excitation  is  by  the  osolllator.  In  position  2 of  the  switch  S 
self-excitation  takes  place  through  the  feedback,  and  the  amplitude  of  the  self-excited 
oscillation  is  kept  constant  by  means  of  a control  system.  Resonant  frequency  can  be 
recorded  continuously  as  afunction  of  time  and  temperature  by  means  of  low  temperat^e 
(for  measurements  down  to  -200°C)  and  high  temperature  (for  measurements  up  to  1000°C) 
attachments. 

In  Pig. 19  an  automatic  system  is  seen  that  was  developed  in  METU  (19)  . The  most 
advantageous  feature  of  this  system  is  the  self  excitation  loop  which  completely  elimi- 
nated the  need  for  an  oscillator.  Heasiu'ements  are  made  and  recorded  automatically.  Most 
of  the  units  of  the  system  are  Instrxunents  commonly  found  in  laboratories.  Units  such 
as  VGA,  peak  detector  and  phase  shifter  can  be  built  easily  and  at  low  cost. 

Elastic  constant  and  damping  spectrometers  developed  by  Beaton  (20)  ,Shaknazarov 
and  Naskldashvill  (21)  , Thompson  and  Glass  (22)  have  employed  sophisticated  servo 
mechanisms  for  purposes  such  as  automatic  adjustment  of  the  air  gaps  between  the  trans- 
ducers and  the  specimen  and  adjustment  of  the  osolllator  frequency.  In  the  system  shown 
in  Fig. 19  these  problems  have  simply  been  solved  by  using  support  columns  made  of  the 
same  material  as  the  sample  and  by  the  feed-back  loop  respectively. 

Although  the  ultrasonic  velocity  can  be  measirred, according  to  Eq.(8),  by  an  Elasto- 
mat  type  instrument  it  is  also  possible  to  make  the  same  measurement  by  pulse-eoho  tech- 
nique (94)  . Longitudinal  ultrasonic  velocity  measurements  are  very  capable  of  detecting 
the  orientation  and  the  shape  of  the  porosity  as  well  as  the  isotropy  of  the  sintered 
materials.  Brockelman  (94)  noticed  that  there  existed  a considerable  difference  between 
the  longitudinal  ultrasonic  velocities  measured  in  a direction  parallel  to  pressing  and 
perpendicular  to  pressing  (Figs. 20  and  21)  due  to  the  simple  fact  realized  from  mioro- 
structures  (95) • When  the  porosity  assumed  spherical  shape  after  prolonged  sintering 
this  difference  diminished. 

Ultrasonic  velocity  measurements  have  proven  to  be  very  efficient  means  to  detect 
and  locate  property  variations  such  as  the  density  in  powdered  metals.  Hence  they  can 
be  used  for  determination  of  density  distributions. 

Torsion  Pendulum: 

Different  types  of  torsion  penduliuns  were  so  far  used  by  many  investigators  of  tor- 
sional oscillations  and  shear  modulus.  In  the  K6  (23)  types  a biasing  stress  is  applied 
on  the  wire  sample.  The  inverted  type  pendulums  as  seen  in  Fig. 22  completely  eliminate 
the  static  loading  of  the  sample.  Inverted  pendulums  have  also  been  automated  by  many 
researchers.  Smith  et  al  (24),  Bays  and  Grandohamp  (25),  Mlszenti  (26)  have  designed 
speoial  optical  systems  for  automation  of  their  pendulums  and  recorded  the  data  either 
digitally  on  telex  tapes  or  graphically.  Harbottle's  (27)  special  pendulum  for  investi- 
gations of  neutron  irradiated  foils  in  the  temperatxire  range  77  - 300  K is  also  worth 
mentioning.  By  means  of  this  apparatus  the  amplitude  of  oscillations  were  maintained 
constant  automatically,  and  data  were  recorded  continuously. 

A oommeroial  type  of  pendulum  is  produced  in  Holland  by  Nonius  (28)  . This  pendul^ 
has  been  designed  for  testing  of  polymers  (29)  between  the  temperatures  -160'’c  and  200” 

C at  0.3  - 3 Hz  frequencies.  The  decay  of  vibrations  is  recorded  by  electric  sparkovsr 
between  a needle  and  a rotating  dx*um  provided  with  special  conducting  paper. 

3.  TESTING  OF  CONCRETE. 

Standard  beams  of  concrete  (20x4x4  in.  or  28x6x6  in.)  have  been  tested  by  the  reso- 
nance vibration  method  (30)  in  the  longitudinal,  flexural  (31,  3F>33»  34)  or  torsional 
modes.  As  a vibrator  an  eleotrodynamio  vibration  generator  is  used,  wdille  a piezo  electric 
crystal  is  used  as  pick-up.  Positions  of  vibrator  and  piok-up  and  displacements  in  bar- 
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monies  are  seen  in  Fig. 23. 

In  Fig. 24  a concrete  beam  is  seen  which  is  being  tested  in  the  longitudinal  mode. 
Vibrations  are  induced  by  means  of  a variable  frequency-oscillator  which  supplies 
electrical  oscillations  to  the  moving  coil  of  the  vibrator.  The  magnitude  of  the 
vibratory  force  applied  to  the  beam  is  of  the  order  of  1 lb.  moving  coil  vibrators  are 
most  8\ii table  for  exciting  concrete  beams  and  require  afew  watts  input.  The  moving-ooil 
part  of  the  vibrator  is  usually  brought  out  to  a tapped  plunger  so  that  an  extension 
piece  fitted  into  this  plunger  can  be  attached  to  one  face  of  the  specimen. The  magnet 
portion  of  the  vibrator  is  supported  independently  of  the  moving-ooil  so  as  to  allow 
the  coil  to  move  axially  between  the  poles  of  the  magnet  without  restraint.  An  alterna- 
tive way  to  drive  specimen  is  to  terminate  the  moving-coil  in  a circular  plate  which 
is  placed  near  but  not  touching  the  face  of  the  specimen.  The  vibrations  are  transmitted 
through  the  airgap  so  that  there  is  no  mass  loadiiig  on  the  specimen. 

The  pick-up  can  be : 

i.  A crystal  accelerometer  which  is  light  enough  to  be  stuck  to  the  beam  or  idiioh  can 
be  supported  independently  of  the  specimen  but  be  held  in  oontaot  by  a weak  adhesive. 

ii.  A gramophone  piok-up  in  which  the  needle  rests  on  the  specimen  and  responds  to 
vibratory  displacements  in  a lateral  direction. 

iii.  An  electromagnetic  pick-up  of  the  telephone  earpiece  type  in  which  a thin  disk  of 
soft  iron  or  stalloy  is  fixed  to  the  specimen  and  the  magnetic  pick-up  is  held  close 
to  but  not  touching  this  disk. 

In  relatively  lighter  beams  stalloy  disks  may  be  stuck  to  the  ends  which  may  be 
vibrated  by  generating  direct  and  alternating  magnetic  fields.  At  the  pick-up  end 
the  vibrating  disk  produces  electrical  oscillations  in  the  coil  of  a small  electric 
magnet. 

The  search  pick-up  is  switched  to  the  amplifier  after  the  frequency  has  been  tuned 
to  resonance,  and  the  nodes  and  antinodes  of  vibration  are  found  according  to  whether 
there  is  a maximum  or  minimum  deflection  on  the  output-meter  when  the  search  pick-up 
is  moved  along  the  specimen.  The  positions  of  the  nodes  and  antinodes  enable  a check 
to  be  made  on  the  type  of  vibration  excited  in  the  specimen  and  the  order  of  the  harmo- 
nic of  the  response. 

In  the  longitudinal  mode  of  vibrations  the  dynamic  modulus  of  concrete  beams  have 
been  calculated  by, 

E = 4 (nj^)f  p / g (15) 

Where  longitudinal  resonance  frequency  of  the  i'th  harmonic 

L = the  length 
p density 

g = gravitational  acceleration. 

This  equation  holds  for  beams  which  are  very  long  in  relation  to  their  cross-section. 
Otherwise  a correction  factor  has  to  be  applied  (35)  which  can  bo  determined  from  Fig. 25. 

For  flexural  resonance  the  following  equation  is  used: 

E = 4 rr^  W (n^)J  T^  / g I kJ  (16) 

for  beams  and  cylinders,  vdiere  I is  the  moment  of  inertia  of  the  cross-section, W Is 
the  weight,  K is  a factor  vdiloh  for  the  first  six  resonant  frequencies  has  the 
following  valOesi  K =4.730,  K » 7.853,  K - 10.996,  K » 14.137,  K - 17.279,  K,=  20.42  . 

For  a beam  of  rectangular  oross-seotion  the  same  eqkiation  becomes,  " 

E / p - 48  (n^)2  / g a^  (17) 

Where  a Is  the  thioknass  and  T.  is  a oorreotion  factor  for  the  ith  harmonlo  lAiloh  can 
be  obtained  from  Fig. 26  . 

The  dynamlo  shear  modulus  of  elasticity  can  be  drived  for  concrete  beams  of  any 
oross-seotion  by  the  relation  (10). 

The  resonance  vibration  method  of  determination  of  Young's  Modulus  permits  rsprodu- 
olblllty  of  results  and  thus  fewer  experiments  are  necessary.  The  following  effects  on 
Young's  modulus  of  concrete  were  investigated  by  resonance  methods}  effect  of  sise  of 
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specimen  and  test  frequency,  effect  of  age  and  curing  conditions  , effect  of  anisotropy 
(double  hump  in  the  resonance  ciirve),  effect  of  composition.  Also  the  relaxation  between 
the  static  and  dynamic  moduli  (36),  relations  between  the  dynaunic  modulus  and  the 
strength  (37,  38,  39,  40,  41)  have  been  investigated  by  various  researchers. 

Kessler  and  Higuohi  (40)  have  obtained  the  compressive  strength  of  concrete  by 
determination  of  the  modulus  of  elasticity  and  the  resonance  cui^e.  Fig. 27  shows  a 
schematic  diagram  of  their  apparatus.  Specimens  were  19  by  30  cm  cylinders.  7he  accuracy 
of  prediction  was  within  5 ^ and  was  obtained  without  knowledge  of  the  age  ,mix  ,or 
moisture  content  of  concrete.  Between  1940  and  1951  many  investigations  were  made  in  USA 
whioh  employed  the  flexural  resonance  method  as  a criterion  for  assessing  the  durability 
of  concreteexposed  to  cycles  of  freezing  and  thawing.  As  a consequence  of  this  work  ASTH 
standards  C.290,  C.291,  C.292,  and  C.310  were  formulated  in  1952,  1953  und  1956  speci- 
fying the  flexural  resonance  method  (0.215)  as  the  means  of  following  deterioration. 

Also  British  Standard  1881  makes  the  dynamio  testing  of  concrete  mandatory.  Daxelhoffer 
(42)  and  Batchelder  and  Lewis  (43)  have  also  used  longitudinal  and  torsional  resonance 
in  freezing  and  thawing  investigations.  It  ms  reported  that  (44)  sixteen  out  of  thirty- 
one  laboratories  used  resonance  methods  for  assessing  durability  : at  least  ten  of  these 
employed  the  flexural  resonance  method.  It  is  also  known  that  (30)  damping  coefficient 
measurements  provide  a more  sensitive  indication  of  deterioration  than  the  dynamic 
modulus.  In  South  Africa  (45)  corrosion  of  concrete  sewage  pipes  were  investigated  by 
resonance  methods.  The  dally  quality  control  in  the  man\if ac txire  of  cement  was  also  made 
in  Japan  (46)  through  the  correlation  between  strength  and  dynamic  modulus  during  the 
aging  of  concrete.  Resonance  experiments  have  also  been  employed  to  obtain  data  on  the 
elastic  properties  of  Bituminous  materials  to  follow  the  progressive  changes  due  to 
accelerated  weathering  (47).  Voskull  and  Van  Os  (48)  have  suggested  this  technique  as 
a method  of  quality  control  and  sorting  of  refractoy  materials  such  as  bricks  into  their 
different  grades.  Davies  and  Clements  (49)  have  also  claimed  that  damping  measiu'ements 
are  sensitive  indications  of  quality  of  bricks  and  ceramic  materials.  Glass  has  been 
tested  by  resonance  methods  for  many  years;  the  dynamic  modulus  was  shown  to  be  sensitive 
to  the  constituents  of  glass  (50). 

Elastic  properties  of  rocks  have  been  determined  by  resonance  methods  which  were 
fovuid  to  be  of  interest  to  seismologists,  for  classification  of  aggregates  (51)  and 
also  in  specific  engineering  work  as,  for  example,  in  the  construction  of  a dam. 


III.  DAMPING  PHENOMENA  (DAMPING  TESTS) 

1.  INTRODUCTION 

Even  when  isolated  in  vacuum,  the  amplitude  of  a freely  vibrating  body  will  decrese 
with  time.  This  phenomena  is  called  "damping  " or  "internal  friction"  . Without  making 
any  assumptions  about  the  nature  of  internal  friction  the  following  general  definition 
may  be  given: 

Q”^  = AW  / 2 N W (18) 

Where  AW«  the  energy  dissipated  in  taking  a specimen  through  stress  cycle  and  W=  the 
elastic  energy  stored  in  the  specimen  when  the  strain  is  a maximum. 

Damping  measurements  are  becoming  more  and  more  common  in  research  laboratories 
because  they  are  highly  sensitive  to  small  concentration  and  phase  changes  in  solids^bove 
all  in  metals  and  alloys.  By  measuring  damping  it  is  often  possible  to  form  an  opinion 
about  the  parameters  of  a dislocation  structure,  the  features  of  metallographic  struc- 
ture, and  changes  in  the  concentration  and  looatlon  of  point  defects.  Such  processes  as 
the  precipitation  and  dissolving  of  siu'plus  phases,  reorystallization,  relief  annealing, 
quenching  and  tempering,  precipitation  hardening,  plastic  deformation,  strain  aging  and 
recovery  are  sucoessfully  studied  by  the  internal  friction  method.  This  method  is  close- 
ly associated  with  the  change  in  a material's  magnetic  properties  and  also  with  oxida- 
tion, agglomeration,  and  internal  adsorption  of  impurities  in  crystal  lattice  defects. 

2.  TECHNIQUES 

Damping  or  internal  friction  in  solids  may  be  produced  by  several  different  meoha- 
nisms  (52).  Here  a review  of  some  of  the  techniques  that  have  so  far  been  used  for  in- 
vestlgatiDg  internal  friction  will  be  worthvdiile. 

a.  Determination  of  the  resonance  curve  during  forced  vibration:  In  this  teohnlque 
the  frequency  is  changed  aitd  the  two  frequencies  f^^  and  f^  for  whioh  the  amplitude  is 
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1//?  of  the  value  at  resonance  are  foiind.  Then  Internal  friction  is  given  by, 

= ( fg  - (19) 

If  the  square  of  the  amplitude  is  plotted  against  frequency  then, 

Q"^  = ( f^  - f^  ) /\/3  fj.  (20) 

Where  f^  and  f ' are  the  frequencies  at  which  the  ordinates  are  one  half  the  majcimum 
value  (■^Pig.28‘^).  It  is  advisable  to  employ  the  resonance  method  when  damping  is  high, 
for  instance  on  the  high  temperature  side  of  the  internal  friction  background. 

b.  Determination  of  the  amplitude  decay  in  free  vibrations:  The  time  (At)  for  the 
amplitude  to  decrease  from  its  initial  value  G.  to  G./  e is  determined  (Pig. 29)  . The 
number  of  cycles  of  vibration  that  have  occured  within  the  time  interval  At  is  found  by, 

n = At  • f^  (21) 

Then  internal  friction  can  be  given  as, 

Q“^  = 1 / nir  (22) 

If  one  defines  the  natural  logarithm  of  the  ratio  between  the  amplitudes  of  successive 
free  oscillations  to  be  the  logarithmic  decrement  i , then 

= V » (23) 

0.  Determination  of  energy  absorption:  The  specimen  is  oscillated  at  a constant 
amplitude  of  the  exciting  force  according  to, 

Q“^  = P / A I w^  (24) 

'.Vhere  A=  the  oscillation  amplitude 

P=  the  amplitude  of  the  exciting  force 
1=  the  moment  of  inertia 
w = the  resonant  frequency. 

Internal  friction  can  be  recorded  by  using  this  principle  as  shown  in  Pig. 19  . 

d.  Determination  of  sound  wave  propagation  constants:  In  this  group  of  techniques 
the  propagation  of  sound  voves  is  observed  directly  by  using  pulses  or  by  interferomet- 
ric means  by  using  standing  waves.  The  amplitude  of  a progressive  wave  will  decrease 
with  distance  traversed  as  it  passes  throvigh  a solid  medium.  If  the  amplitude  decay  is 
expressed  as 

*x  “ *0  ^^5) 

then  C is  the  attenuation  coefficient  per  unit  length  . A more  fundamental  quantity  is 
/»,  the  attenuation  per  wavelength  (X)  of  the  wave,  i.e.  par  cycle  on  the  time  scale. 

It  is  easily  shown  that  = G X = d.  These  methods  are  the  most  suitable  for  very  high 
frequencies,  but  they  are  limited  to  low  stress  levels. 

3.  APPLICATIONS  AND  APPARATUS  FOR  DAMPING 

As  it  is  mentioned  in  the  beginning  of  this  section,  many  different  material  pro- 
perties have  been  determined  by  the  use  of  internal  friction  techniques.  The  works  of 
Wert  (53,54)  , Polyakov  (55)  , Pavlov  (56)  and  Stanley  (57)  constitute  typical  examples 
to  the  determination  of  diffusion  energies  and  diffusion  coefficients.  Wert  (53,54) 
determined  the  diffusivities  and  diffusion  energies  of  interstitials  in  V,  Cr,  Pe,  Nb, 
Mo,  Ta,  W by  a torsional  pendulum  from  the  Snoek  effect.  Polyakov  (55)  used  the  same 
method  to  determine  the  coefficient  and  energy  of  diffusion  of  carbon  in  Pe-Mn  and  Pe- 
Ho  alloys. 

Boone  and  Wert  (58),  Polyakov  (55),  Szkopiak  (59),  Inokuti  et  al  (60),  Buck  et  al 
(61)  determined  the  concentration  of  interstitials  such  as  0,  C,  H,  N in  Nb  and  Pe  by 
internal  friction.  Here  the  following  principle  is  used:  The  height  of  the  damping  is 
proportional  to  the  interstitials  in  solution.  When  some  solute  atoms  precipitate  as 
in  aging,  the  peak  height  falls, implying  that  concentration  of  solute  atoms  that  contri- 
bute to  damping  decrease.  Hence  these  measxu'ements  can  also  be  used  for  the  study  of 
the  agiiig  process  (62).  These  studies  constitute  typical  examples  of  the  use  of  internal 
friotlon  as  a nondestructive  ohemioal  analysis  technique  (Pig. 30). 
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The  effect  of  grain  size  on  the  internal  friction  have  been  studied  for  various 
metalB(  Pigs.  31#  32,  33  ).  Pig. 31  demonstrates  the  effect  of  grain  size  on  the  damping 
of  Zr  (63).  Measurements  reported  by  various  authors  indicated  that  damping  depends  on 
the  square  of  the  average  grain  size.  Leak  (64)  showed  that  the  relaxation  in  Pe  speci- 
mens of  different  grain  sizes  oan  be  approximately  written  in  the  form: 

X = Z d^  exp  ( QV  R T ) (26) 

0 r 

Where  Q«  is  the  activation  energy  of  grain-boundary  damping  (Pig. 32).  The  pre-exponen- 
tial frequency  factor  (3  ) tended  to  lower  values  as  the  grain  size  decreased  (64,65). 
Various  authors  (63,65,6§)report  that  the  grain  boundary  damping  peak  is  absent  above 
a certain  grain  size  ( 0.4  jea  for  Pe  - 0.04  wt  “fC  alloy,  Pig.33,and  0.75  mm  for  N1  ). 

Roman  et  al  (88)  determined  the  grain  size  in  nuclear  fuel  elements  cast  from 
Uranium-Chromium  alloys  by  ultrasonic  attenuation  measurements.  They  correlated  the 
mean  grain  diameter  which  was  in  the  range  50  to  200  ykm  with  the  attenuation  coefficient 
for  three  ultrasonic  frequencies  4,  6,  and  12  MHz  . Results  were  claimed  to  be  in  good 
agreement  with  the  theory  and  the  metallographic  determinations. 

Phase  transformations  and  aging  in  Al-Cu,  Al-Ag,  Al-Zn,  Au-Ni,  etc.  alloys  have 
been  studied  using  the  damping  technique.  Phenomena  such  as  the  decay  of  quenched  in 
vacancies,  the  formation  of  Guinier-Preston  Zone-1  and  Guinier-Preston  Zone-2  in  its 
early  stages,  the  reversion  of  G.F.  -1,  the  appearance  of  9’,  and  the  transition  from 
9*  to  9 could  all  be  followed.  The  technique  could  be  app3i.ed  to  more  complex  alloys. 

Pig. 34  illustrates  the  changes  in  the  9'  peak  develoged  in  an^Al-Cu  (4  wt  ?5)  alloy 
(62).  9*  precipitates  when  this  alloy  is  aged  between  200°  and  290°C  and  produces  a 
peak  the  height  of  which  is  proportional  to  amount  of  9'.  Along  with  the  rise  of  the  9* 
peak,  the  background  damping  level  rises  due  to  the  formation  of  Incoherent  9 (CuAlp) 
precipitates  from  9*.  Progressive  rise  of  the  backgroxmd  can  be  interpreted  as  an  increase 
of  the  area  of  the  incoherent  boundaries  of  9 precipitates. 


Mishek  and  Toman  (67)  studied  the  aging  in  Al-Ag  alloys  by  damping  measiu'ements. 

It  is  very  well  known  that  at  low  temperatures  aging  is  a two  stage  process;  first 
Guinier-Preston  Zones  are  formed,  then  the  second  phase  precipitates  out.  At  high  tempe- 
ratures aging  is  a one-stage  process;  after  a certain  incubation  (or  inhibition)  period 
the  second  phase  suddenly  precipitates.  In  5 ^ Ag  alloy,  damping  (Pig. 35)  and  hardness 
(Fig. 36)  measurements  were  made  together  with  X-ray  analysis.  At  200°C  and  below,  low 
temperature  aging  behaviour  was  observed,  where  as  at  ^00°C  a high  temperature  behaviour 
was  discovered.  Damping  curves  showed  3 stages.  At  300°C  X-ray  analysis  indioated  the 
appearance  of  thelT-phase  (Ag^l)  after  16  minutes;  according  to  the  hardness  measure- 
ments Y-phase  precipitated  after  about  15-20  minutes;  damping  measttrements  indicated  a 
precipitation  after  19  minutes.  This  initial  stage  was  expressed  by  Arrhenius  equation 
and  both  the  X-ray  and  the  damping  measiu’ements  yielded  an  activation  energy  of  11  Kcal/ 
mole,  which  probably  is  the  formation  energy  of  Ag^Al  nuclei. 

The  phase  transformations,  especially  those  accompanied  by  dimensional  changes,  can 
be  expected  to  be  sensitive  to  external  stress  applications  in  the  immediate  neighbour- 
hood of  the  transformation  temperature.  The  occuranoe  of  large  internal  friction  has 
been  observed  in  the  at  to Y transformations  in  ferro  nickels,  in  the p to(  transition  in 
Silver-Zinc  alloys,  etc.  Wert's  (54)  work  can  be  mentioned  as  a good  example.  Polotskii 
and  Mordyuk  (68)  obtained  the  damping  curves  seen  in  Pigs. 37  and  34  for  Cu-Be  and  Cu-In 
alloys  respectively.  The  peak  observed  in  Fig. 37  was  due  to  the  decomposition  of  the 
supersaturated  solid  solution  of  Be  in  Cu  which  gave  rise  to  theYphase.  This  rise  In 
Young's  modulus  was  also  caused  by  the  Y precipitation.  The  peaks  observed  in  Fig. 38 
were  shown  by  hardness  measurements  and  the  X-ray  diffraction  results  to  be  caused  by 
the  precipitation  of  the  supersatiu^ted  solid  solution  Cu-In. 

The  large  volume  of  work  published  gives  a foroeful  illustration  of  the  potential 
value  of  the  damping  methods  in  the  detection  of  the  transformation  of  phases.  Fig. 39 
shows  a damping  peak  which  is  due  to  a martensitio  type  reaction  in  Nb-H  K-solid  solution. 
Wert  et  al  (69)  have  also  fo\ind  a phase  transformation  peak  due  to  Nb-H  eutectoid 
(Fig.40). 

Starodubov  et  al  (70)  have  studied  temper  brittleness  and  blue  brittleness  of  steels 
by  the  internal  friction  method.  They  have  found  that  temper  brittleness  is  caused  by 
the  increase  in  the  binding  forces  of  the  Impurity  atoms  to  dislocations  and  by  the 
increase  of  the  concentrations  of  these  atoms  near  dislocations.  In  carbon  steels  the 
strength  decreases  with  Increasing  temperature  vdiile  plasticity  increases.  Blue  brittle- 
ness is  observed  at  certain  temperatvares  and  is  known  by  the  formation  of  a blue  oxide 
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flla  on  the  siirfaoe.  This  film  is  aooompanied  by  the  increase  of  strength  and  the  dec- 
rease of  plasticity  and  ductility*  Oolzhankov  and  Lotsmanova  (71)  observed  that  this 
behaviour  is  oainly  due  to  interaction  of  impurity  atoms  with  dislocations  and  a sudden 
increase  in  the  internal  friction  appears  at  a critical  strain  amplitude  ('M5x10~^) 

«^oh  marks  the  beginning  of  the  amplitude  dependence  in  internal  friction. 

The  detection  of  flaws  offers  a special  field  of  application  for  damping  measure- 
ments. Any  inhomogeneity  may  be  expected  to  increase  the  damping  capacity,  since  energy 
should  be  dissipated  at  the  site  of  the  flaw,  either  as  a result  of  stress  concentration 
or  of  solid  friction.  The  size  of  the  defect  that  can  be  detected  depends  on  vdiether 
the  energy  dissipated  at  the  flaw  is  a significant  proportion  of  the  total  normal  energy 
dissipation  in  the  specimen.  With  cylindrical  pieces  it  is  possible  to  determine  the 
position  of  a crack  in  the  piece.  A homogeneous  specimen  with  stresses  or  discontinuities 
has  an  anisotropy  of  damping  . For  example,  the  square  cross-section  specimen  seen  in 
Fig. 41  will  exhibit  different  values  of  damping  as  well  as  different  natural  frequencies 
for  two  different  orientations. 

It  was  reported  from  AERE,  UK,  Harwell  (98)  that  flaws  have  been  detected  in  objects 
by  damping  measurements.  The  resonant  frequencies  were  located  empirically  and  the  dam- 
ping measurements  were  made  in  the  vicinity  of  these  frequencies.  This  work  ,of  ooiirse, 
depends  a great  deal  on  where  one  places  the  driver  and  pickups  and  on  the  response 
characteristics  of  transducers,  electronics,  and  sample  looked  at  as  an  integrated  sys- 
tem. As  a way  of  learning  about  some  aspects  of  this,  they  have  b\rilt  a laser  interfero- 
meter system  capable  of  measuring  surface  displacements  in  the  vicinity  of  transducers, 
as  a calibration  facility. 

The  most  extensive  investigation  of  the  use  of  damping  measurements  for  flaw  detec- 
tion is  that  reported  by  Frommer  and  Murray  (72).  They  foiuid  transverse  and  longitudinal 
modes  of  vibration  to  be  less  suitable  for  this  purpose  than  the  torsional  mode.  These 
investigators  devised  a special  system  for  suspending  bars  2 - 2.3  m in  length  and  20  - 
23  cm  in  diameter  and  used  it  in  the  examination  of  production  materials  such  as  oast 
ingots,  forged  billets,  and  extrusions.  Their  technique  was  used  to  test  magnesium  alloy 
bars  200  cm  long  and  19  cm  in  diameter  at  one  end  and  tapering  to  a diameter  of  8 cm 
at  the  other  end.  One  bar  contained  a longitudinal  oraok  in  the  middle  region  of  the 
specimen.  During  the  test  the  damping  capacity  was  measured  at  the  fundamental  frequency 
and  at  several  harmonic  frequencies.  Fig. 42  shows  the  test  results;  the  damping  capacity 
of  a sound  bar  is  much  less  than  that  of  a cracked  bar.  The  effect  of  small  cracks  on 
the  characteristic  damping  curve  is  very  marked  and  in  certain  cases  affords  a convenient 
indication  of  failure  by  fatigue.  High-strain  damping  is  very  sensitive  to  the  presence 
of  cracks  in  brass  cartridge  oases  (73).  The  technique  consists  in  exciting  longitudinal 
resonance  vibrations  by  producing  an  eddy  current  loop  around  the  mouth  of  the  case, 
which  is  situated  in  the  radial  field  of  a magnet.  In  operation,  the  power  required  to 
produce  a stress  amplitude  of  10  000  psi  is  measured  and  is  foimd  to  rise  appreciably 
when  the  case  is  cracked. 


4.  REMTION  OF  FATIGUE  TO  THE  DAMPING  PHENOMENA 


There  is  a growing  tendency  to  attempt  an  explanation  of  fatigue  processes  in  terms 
of  dislocation  mechanisms  and,  in  bcc  metals,  particularly  in  terms  of  dislocations  with 
point  defects.  Hence  Investigation  of  internal  friction  due  to  dislocation  motion  proves 
a powerful  tool  in  the  study  of  basic  fatigue  mechanisms  (74).  Further,  fatigue  Itself 
is  both  produced  and  studied  by  the  internal  friction  of  sufficiently  high  strain  ampli- 
tudes. By  employing  the  internal  friction  technique  in  fatigue  studies,  it  is  possible 
to  follow  the  conditions  created  by  various  stresslevels  after  a certain  number  of  stress 
cycles  most  directly  by  means  of  changes  in  dislocation  damping. 


In  order  to  develop  high  amplitude  waves,  a transducer  is  coupled  to  an  exponential 
brass  horn  (73).  In  a particular  form  the  transducer  consists  of  a barium  titanate  hollow 
cylinder,  polarized  in  its  thickness  direction,  and  attached  tc  an  exponential  brass  horn 
which  steps  up  the  strain  by  a factor  of  12  (approximately  given  by  the  ratio  of  the 
diameter  of  the  two  ends  of  the  horn)  from  the  strain  in  the  titanate  which  is  limited 
to  about  10~^  (Fig. 43).  A second  tapering  horn,  attached  to  the  narrow  end  of  the  first 
horn,  is  divided  to  enclose  the  sample  of  the  test  material,  e.g.  lead,  which  must  have 
a lower  Young's  modulus  than  the  material  of  the  horn.  In  this  manner  the  strain  set  up 
in  the  sample  may  be  of  the  order  of  200  - 300  times  that  in  the  titanate  . To  minimize 
any  possible  heating  effect  in  the  specimen  and  also  the  setting  up  of  lateral  vibrations, 
the  system  is  pulsed  Instead  of  being  continuously  excited.  The  of  the  material  is 
deducted  by  measuring  the  Q~^  of  the  system  with  and  without  the  specimen.  Fig. 44  illus- 
trates measurements  of  fatigue  strength  and  Internal  friction  as  a function  of  number 
of  deformation  oycles.  The  internal  friction  curve  has  three  definite  regions  oorrespon- 
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ding  to  three  stages  of  fatigue  fraotxire  (76).  Obviously  investigations  of  the  fatigue 
by  the  internal  friction  method  give  much  more  useful  information  than  direct  investi- 
gations of  the  strength  during  cycling.  Schenck  et  al  (77)  made  observations  on  the 
change  of  damping  and  Young’s  modulus  in  a 0.22  jSC  steel  (normalized  condition:  yield 
point  = 31.7  Kg/mm^,  fatigue  limit  = 21.0  Kg/mm^  ) subjected  to  fatigue  stressing  at 
3100  cycles/min  in  a rotating  bending  machine.  Measurements  were  made  at  various  inter- 
vals; the  results  are  summarized  in  Fig. 45.  An  initial  rise  in  damping  with  number  of 
stress  cycles  is  seen  for  various  stress  levels,  changes  in  damping  were  deduced  to  be 
mainly  due  to  dislocations.  At  stresses  below  the  fatigue  limit  (21  Kg/mm^),  the  leveling 
off  and  the  decline  in  the  curves  are  induced  by  strain  aging  accelerated  by  the  tem- 
perature rise  during  fatiguing. 


Mason  (75)  has  developed  several  dislocation  models  for  fatigue  phenomena.  These 
models  include  mechanisms  such  as  impurity  pinid-ng  of  dislocation  networks  and  disloca- 
tion generation  by  the  Frank-Read  mechanism,  jump  of  dislocations  over  Peierls  barriers, 
breakaway  and  repinning  of  dislocations  to  the  impurity  atoms,  holding  up  of  Frank-Read 
sources  by  cross  dislocations,  cutting  of  dislocations  through  the  pinning  dislocations, 
thus  producing  jogs,  vacancies,  and  an  tmcontrolled  number  of  Frank-Read  loops.  The 
close  connection  between  fatigue  and  the  rapid  rise  in  the  internal  friction  curve 
suggests  that  fatigue  is  caused  by  some  process  connected  with  the  multiple  production 
of  Frank-Read  dislocation  loops.  Since  dislocation  loops  are  longer  near  the  surface 
and  are  sometimes  single-ended,  they  require  only  half  the  stress  to  actuate  than  is 
necessary  for  double-ended  loops.  Therefore  it  appears  likely  that  fatigue  cracks  are 
initially  produced  on  the  surface.  It  follows  from  this  argument  that  in  order  to  im- 
prove the  fatigue  properties,  the  operation  of  dislocation  sources  must  be  prevented 
either  by  locking  dislocations  by  impurities  or  by  increasing  dislocation  density,  hence 
shortening  the  dislocations  as  by  cold  work  or  by  simply  decreasing  the  grain  size  of 
the  material  (78). 


5.  STUDY  OP  CREEP  BY  DAMPINO 

Zubekhin  et  al  (79)  observed  a definite  correlation  between  the  creep  and  internal 
friction  curves  (Fig. 46).  These  curves  suggest  that  migrating  defects  are  responsible 
for  the  internal  friction  in  the  process  of  creep  and  that  all  stages  of  creep  can  be 
studied  from  the  internal  friction  behaviour  of  nickel.  At  823,  873  and  923°K(ouivea  1’, 
2'  and  3*  of  Pig. 46)  the  internal  friction  increases  rapidly  in  the  first  3-4  min. 

This  is  evidently  due  to  an  increase  in  the  number  and  length  of  moving  dislocations 
before  a sudden  fall.  In  this  case  the  dislocation  density  continues  to  rise,  but  there 
is  rapid  development  of  mutual  intersection  of  dislocation  lines;  the  length  of  dislo- 
cation segments  diminishes  quickly.  For  this  reason  falls  suddenly. 


In  the  second  stage  of  creep  there  is  no  change  in  the  internal  friction.  At  the 
third  stage,  under  certain  experimental  conditions  the  moment  comes  when  cracks  appear 
in  the  metal  and  rapidly  develop.  The  dissipation  of  energy  also  rises  abruptly. 


6.  DETECTION  OF  MICROCRACKS  BY  DAMPING 


Measurements  of  damping  can  give  information  on  the  origin  of  defects,  such  as  the 
formation  of  quenching  cracks.  For  example,  an  increase  in  damping  was  found  in  a steel 
specimen  v.hich  had  been  quenched.  The  increase  in  damping  was  attributed  to  the  forma- 
tion of  microcracks  owing  to  excessive  quenching  temperatxxre  . Such  cracks  are  not 
easily  found  in  the  structure,  and  the  time  at  which  they  are  formed  is  difficult  to 
determine.  Damping  measurements  may  be  used  for  determining  hardening  ranges  and  the 
effect  of  multiple  hardening. 

Intergranular  corrosion  increases  damping  . Damping  measurements,  therefore,  cons- 
titute an  excellent  means  of  follovdng  Intergranular  corrosion.  In  many  cases,  the 
beginning  of  intergranular  corrosion  can  be  established  after  a few  minutes  of  attack 
by  a corrosive  solution.  Measurements  of  damping  have  one  great  advantage  over  other 
methods  in  that  the  corrosion  process  can  be  obseived  on  a single  test  specimen  as  it 
is  not  destroyed  in  the  test. 

Now  we  would  like  to  mention  briefly  the  nondestuctive  Investigation  of  corrosion 
and  quenching  cracks  which  was  made  by  the  Internal  friction  method  (80).  Tsobkallo 
(80)  used  two  different  apparata  as  shown  in  Pigs. 47  and  48.  The  one  in  Pig. 47  is  for 
small  samples  35  mm  long;  because  of  the  short  length  of  the  samples,  they  were  clamped 
between  longer  ferromagnetic  pieces.  This  long  composite  sample  was  suspended  at  two 
points  and  subjected  to  transverse  osoillstions. The  amplitude  of  oscillations  of  the 
composite  sample  was  measured  with  a mioroscope.  This  apparatus  was  also  used  later  (8l) 
by  the  author  for  measurementa  at  high  temperatures  and  stresses.  Por  testing  struotui'es 
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and  brass  pipes  the  apparatus  of  Pig. 48  was  used.  The  pipes  were  suspended  by  four 
strings  at  equidistant  points  and  radial  oscillations  were  excited  by  eddy  currents 
which  were  induced  in  the  walls  of  the  pipe.  The  sound  waves  created  by  the  pipe  are 
picked  up  by  the  microphone  of  the  counter  and  sent  to  the  electronic  circuitry.  By 
this  method  corrosion  cracking  in  brass  pipes  - 80  mm  in  diameter  and  360  mm  long  with 
a wall  thickness  of  1.^  mm-  that  were  suspended  above  a 23  ^ solution  of  ammonia  were 
studied.  The  measurements  were  made  at  930  ops  frequency  at  different  times  up  to  24  hrs. 
The  amount  of  cracking  was  measxu'ed  by  relative  Increase  of  the  decrement.  The  cracked 
pipes  were  thoroughly  examined  and  the  total  length  of  visible  cracks  was  measured.  The 
results  of  these  measurements  are  given  in  Fig. 49.  Uima  et  al  (82)  and  Mima  and  Yamane 
(83)  have  also  investigated  the  relation  between  stress  corrosion  cracking  and  Internal 
friction  of  18-8  Austenitic  stainless  steel  and  Cu-Zn  alloys.  Their  tests  were  made 
under  a tensile  stress  of  80  5^  and  70  ^ yield  stress  in  42  wt  ^ MgCl^  and  2 vol.  ^ 
aqeous  solutions  respectively.  As  it  is  observed  in  Figs. 30  and  31,  the  internal 
friction  Increased  remarkably  when  the  stress  corrosion  cracks  propogated.  This  was  due 
to  the  increase  in  the  density  of  dislocations  corresponding  to  a small  amount  of  plas- 
tic deformation  arovind  cracks. 

Considerable  stresses  resulting  from  quenching  also  induce  visible  cracks.  Submic- 
roscopic  cracks  occuring  as  the  result  of  quenching  also  have  a considerable  effect  on 
the  strength  of  the  material.  Thus  it  is  very  tempting  to  apply  the  measurements  of  the 
decrement  of  oscillations  to  the  study  of  the  effect  of  submicroscopic  cracks  which 
cannot  be  detected. 

Forster  (17,  84)  used  the  apparatus  illustrated  in  Figs. 18  and  52  for  investigation 
of  "material  microstructure  effects"  such  as  the  external  and  intercrystalline  coirosion 
depth  and  the  quantitative  observation  of  the  formation  of  fatigue  fractures  by  damping 
measurements.  Fig. 52  is  the  same  as  Fig. 17  , the  only  difference  being  the  additional 
gate  provided  between  the  amplifier  and  the  counter  which  passes  the  oscillations  of 
amplitude  A and  A/e  . The  number  read  on  the  counter  is  the  reciprocal  of  the  damping 
( Eqn.  22  ) . 


Forster  (17)  obtained  the  damping  cuirves  shown  in  Fig. 53  for  0.9  ?4c  steels  quenched 
from  900°C  and  1100°C.  The  steel  quenched  from  900°C  shows  a slow  damping  decrease  due 
to  the  equalization  of  Internal  stresses,  but  when  quenched  from  1100°C  , the  steel  shows 
a damping,  which  due  to  the  formation  of  microcracks  with  time,  increases  to  300  ^ of 
the  value  which  was  measured  immediately  after  quenching.  Forster  and  Schneider  (83)  had 
also  obtained  an  enormous  increase  of  damping  capacity  due  to  inter-crystalline 
corrosion  of  very  shallow  depth.  The  grain  boundary  decay  appearing  in  intercrystalline 
corrosion  corresponds  exactly  to  the  effect  of  microcracks.  The  results  shown  in  Fig. 34 
belong  to  Al-Ug  (11  ^^Ug)  alloy  after  it  was  quenched  from  430°C  and  afterwards  annealed 
at  various  temperatures.  Annealing  increases  corrosion  sensitivity  of  the  alloy.  Accor- 
ding to  the  results  of  Tsobkallo's  (80)  investigations  on  Cr-Ni  steel-',  ■■nd  on  1.3  JiC 


steel  as  seen  in  Fig.  33  the  nvunber  of  cracks  apparently  increases  wi . thj  rate  of  cooling 
during  quenching.  Two  series  of  Cr-Ni  steelsamples  were  maintained  at  83O  C for  13  min 
and  then  quenched  in  water  and  oil.  To  exclude  the  effect  of  structural  differences  on 


the  decrement,  all  the  samples,  regardless  of  their  treatment,  were  quenched  in  oil  again. 
Curves  1 and2  in  Fig. 33  indicate  clearly  that  the  internal  friction  is  much  higher  for 
samples  quenched  in  water.  An  annealing  trea-tment  C8a*ried  out  under  the  same  conditions 
at  700°C  did  not  eliminate  the  differences  between  the  samples  but  decreased  the  inter- 


nal friction.  The  main  cause  of  the  difference  is  the  occurance  of  submicroscopic  cracks 
in  samples  quenched  in  water.  Further  experiments  with  quenched  steel  containing  1.3 
directly  confirmed  the  relationship  between  the  increase  in  the  damping  and  the  presence 
of  cracks  observed  either  directly  with  the  microscope  or  put  in  evidence  by  the  graphi- 
tization  method. 


Damping  increases  by  a factor  of  threee  or  four  as  the  result  of  stress  corrosion 
cracking  of  brass  or  as  the  result  of  rapid  quenching  of  steel. 

Tsobkallo  (80)  claimed  that  this  method  could  be  used  to  detect  defects  in  parts 
or  complete  structiires  employing  a defectophone  together  with  other  methods  of 
defectoscopy  ( ultasonlc  , X-ray  , magnetic  ).  The  dfectophone  would  be  very  sensitive 
and  would  make  it  possible  to  detect  defects  within  a body.  Hence  it  would  be  possible 
to  conduct  a qualitative  study  of  large  structures  (plates  and  pipes)  and  massive  parts 
of  machinery  (oast  turbine  blades, etc.  ).  later  in  1967  Titov  and  Devichensidi  (86)  tes- 
ted aero-engine  blades  using  this  method.  They  measured  the  change  in  internal  friction 
as  a function  of  the  servioe  life  using  a semi-automatic  apparatus  (87)  designed 
specially  for  this  purpose. 

In  this  apparatus  , as  shown  in  Fig. 36,  the  turbine  blade  is  clamped  hydraulically. 


10-14 


and  bending  vibrations  are  induced  in  the  blade  by  deflecting  it  by  a lever  and  then 
releasing  it  suddenly  by  dropping  a freely  falling  disk  on  the  lever. 


IV.  CONCLUSION 

The  result  of  our  investigations  shows  that  "damping"  or  "internal  friction" 
measurements  can  be  employed  for  the  study  and  detection  of  macroscopic  defects  as  well 
as  microscopic. 

The  last  decade  has  witnessed  in  the  progress  of  nondestructive  testing  techniques 
that  a gradual  transformation  has  secured  from  macroscopic  properties  of  materials.  This 
extended  the  capabilities  of  nondestructive  testing  techniques  to  their  ultimate  limits, 

i.e.  to  the  determination  of  the  physical  and  mechanical  material  properties  such  as  the 
dislocation  densities,  the  distribution  and  concentration  of  point  defects,  the  interac- 
tion energies  between  point  defects  and  dislocations  , etc.  Thus  it  is  quite  obvious 
that  in  the  near  future  the  damping  properties  of  materials  will  carry  much  greater 
weight  In  the  nondestuctive  testing  technology  . 
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AGING  TIME  IN  HOURS 

Pi/:.  9.  Isothermal  aging  curves,  variation  of  the  Yo\uig*s  modulus  during  aging  of 
Aluminum-Silver  (20.18  wt  ?»)  alloy  (8). 


Pig. 10.  Schematic  representation  of  Young's  modulus  vs,  temperature  for  the  ordering 
systems  CuZn  and  Cu.Au  . T is  the  so  called  Curie  or  "Ordering"  temperature. 
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Fig. 13.  Schematic  Illustration  of  Young's  modulus  vs.  composition  for  dilute  Cu-Zn 
alloys  (11). 


Pig. 14.  Automated  system  for  electrostatic  excitation  and  detection  of  longitudinal 
vibrations.  A.  Detection  device;  B.  excitation  amplifier;  C.  decrementmeter;  D.  period- 
meter;  E.  supply  and  amplifier  of  the  platinum  resistance  thermometer;  F.  analogue-to- 
digital  converter;  0.  dlgital-to-analogue  converter;  H.  gates;  I.  counter  and  tape  punch; 
J.  multichannel  recorder;  K.  excitation  relay;  I.  control  unit;  P.  pick-up  eleotrodo; 

R.  temperature  reference  sample;  S.  sample  \mder  test  (14). 
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Fig. 15.  Automatic  arrangement  for  electrostatic  drive  and  detestion  of  flexural 
vibrations.  1.  Oscillator  (VHF  frequency  modulated);  2.  VHF  tuner  (e.g.  Rhode  and  Schwarz 
Frequency  Deviation  Meter);  3.  Variable  gain  preamplifier  and  phase  shifter;  4.  Automatic 
tuned  amplifier;  5.  Automatic  gain  control  and  electronic  switch;  6.  Excitation  amplifier 
(15). 
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Fig. 16.  Block  diagram  of  the  apparatus  used  by  Hasiguti  et  al  (16)  for  transverse 
vibration  method. 
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Pig. 19.  Automatic  system  for  excitation  and  detection  of  longitudinal  vibrations  (19). 
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Pig. 20.  Dependence  of  tensile  strength  on  longitudinal  ultrasonic  velocity  for  two 
directions  in  sintered  iron  bars  (94). 
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a.  Micro structures  of  a 3I6  stainless  steel  green  compact  pressed  at  50  tsi 
pressing  direction,  b.  Perpendicular  to  pressing  direction  (XlOO)  (95). 
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Pig. 22.  The  inverted  torsion  pendulum. 
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Pig. 23.  Vibrational  displacements  for  various  modes  of  vibration  : a.  Longitudinal 
and  torsional  mode,  b.  Flexural  mode. 
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Pig. 24.  Testing  of  a concrete  beam  in  longitudinal  mode  of  vibrations 
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Pig. 25.  Correction  factor  for  Eq.  (15),  rj  =Poisson*s  ratio. 


Pig.26.  Correction  factor  for  Eq.  (17). 
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Pig. 29«  The  amplitude  decay  (damping)  curve  of  free  vibrations. 
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Pig. 30.  The  height  of  the  internal  friction  peak  in  Nb  as  function  of  the  Hydrogen 
concentration  (61). 
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Pig.32.  Variation  of  the  grain-boundary  damping  peak  height  ¥»ith  grain  size  in 
iron  (64). 
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Pig. 33.  The  dependence  of  the  40°  damping  peak  height  of  Pe-0.04  wt  alloy  on  the 
grain  aize  (66). 
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Pig. 37.  Relative  change  in  damping  with  time  at  1 KHz(l)  and  21  KHz(2),  and  in  the 
Young's  modulua(3)  during  the  precipitation  at  300°C  in  Cu-Be  (68). 
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Pig. 43.  a.  Barium  titanate  driver  and  exponential  metal  home  for  measxjring  internal 
friction  and  elastic  modulus,  b.  A tbird  horn  has  been  added  to  the  apparatus  in  (a) 
so  that  weights  can  be  attached  at  second  nodal  plane, (73). 
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Pig. 44.  Dependence  of  the  internal  friction  and  the  strt  h of  Aluminum  on  the 
number  of  deformation  cycles.  Max.  cyclic  stress  0^=5. 3 Kg/mr  , (76). 
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Fig.  45.  Variation  of  damping  and  modulus  defect  in  0.22  jic  steel  vrith  number  of 
cycles  at  cyclic  stress  levels  below  and  above  fatigue  limit  21.0  Kg/mm^.  Measurements 
are  made  at  KHz  frequency  range  (77). 


Plg.47>  Olagram  of  the  circuit  for  measuring  the  decrement  of  oscillations  of  small 
samples.  1.  Microscope,  2.  Counter,  3.  Hangers,  4.  Sample,  3.  Ebctenders,  6.  Eixcitation 
device,  7.  Preliminary  amplifier  with  phase  adjusters,  8.  Power  amplifier,  9.  Potentio- 
meter, 10.  Measuring  amplifier,  11.  Electronic  voltmeter,  12.  Selector,  13.  Counting 
device,  (80). 
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Fig. 48.  Diagram  of  the  apparatus  for  measuring  the  decrement  of  oscillations  of  brass 
pipes.  1.  Microphone  counter,  2.  Brass  pipe,  3.  Excitation  device,  4.  Power  amplifier, 

5.  Preliminary  amplifier  with  a phase  adjuster,  6.  Measuring  amplifier,  7.  Electronic 
voltmeter,  8.  Selector,  9.  Counting  device,  (80). 


Fig. 49.  Variation  of  the  decrement  of  oscillations  of  a brass  pipe  as  a function 
of  the  total  length  of  cracks  (74). 


Fig. 50.  Strain  amplitude  dapendenoe  of  internal  friotlon  of  a Cu-Zn  35.11  wt.^ 
sample  (83). 


Fig. 31.  Changes  in  strain  amplitude-independent  internal  friction  with  stress 
corrosion  time,  Sample  No.l.  Cu-Zn  30.07  wt  9^  , Sample  No. 2.  Cu-Zn  35.11  wt  , (83). 
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Fig. 55.  Variation  of  the  decrement  of  oscillstions  with  the  amplitude  in  the  case 
of  Cr-Ni  steel  subjected  to  different  heat  treatments.  1.  Quenched  once  in  water  and 
twice  in  oil,  2.  Quenched  once  in  water  and  twice  in  oil  and  annealed  at  700°C  for  1 hr, 
3.  Quenched  twice  in  oil,  4.  Quenched  twice  in  oil  and  annealed  at  700  C for  1 hr., (80). 


Fig. $6.  Schematic  diagram  of  the  apparatus  used  to  measure  the  damping  of  vibrations 
in  turbine  blades.  1.  Hydraulic  press,  2.  Hydraulic  supply  system,  3.  Device  for  exci- 
ting vibrations,  4.  Electronic  apparatus  for  measuring  the  damping  decrement;  P-  Pump, 

A-  Hydraulic  accumulator,  B-  Booster  , (87)  . 
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SUMMARY 

The  success  and  the  effectiveness  of  NDI  at  a fatigue  critical  area  during  service 
a usage  depends  much  on  the  exact  knowledge  of  the  location  within  the  structure  and  the 

crack  propagation  behaviour.  A full  scale  fatigue  test  provides  a valuable  basis  to  deter- 
mine the  fatigue  critical  areas,  to  evaluate  the  most  suitable  NDI  method  and  to  fix  the 
initiation  and  interval  of  NDI.  Nevertheless  all  cracks  and  failures  found  in  the  full 
scale  fatigue  test  must  be  checked  carefully  with  respect  to  their  applicability  to 
service  usage. 

An  additional  cost  effectiveness  consideration  gives  the  information,  whether  it 
is  advantageous  to  inspect  at  certain  intervals  or  to  exchange* the  part  under  consideration. 


1 . INTRODUCTION 

Within  the  aircraft  maintenance  concept  necessary  in  order  to  maintain  flight 
safety  and  operational  readiness,  inspections  on  the  airframe  due  to  fatigue  make  up  a 
substantial  part  of  the  total  effort. 

Basically  it  is  necessary  to  inspect: 
on  the  critical  locations 
with  the  most  effective  methods 
after  the  correct  number  of  flight  hours. 

As  a result  of  these  inspections,  different  measures  must  be  taken: 

if  no  damage  is  indicated,  the  NDI  is  to  be  performed  again  after  one  inspection 
interval  or 

if  a damage  is  found  a further  observation,  repair,  exchange,  or  scrap  has  to  be 
performed. 

In  most  cases  inspections  and  the  associated  measures  cause  considerably  high 
costs  because  of  the  extensive  amount  of  manhours  involved,  and  in  general,  these  costs 
are  showing  a tendency  to  increase.  Therefore  considerations  for  reducing  the  inspection 
effort  while  maintaining  or  increasing  the  flight  safety  and  the  operational  readiness 
must  Include: 

the  exact  knowledge  of  fatigue  critical  locations  and  their  crack  propagation  behaviour 
which  are  gained  through  full  scale  fatigue  tests, 

- the  most  effective  NDI  methods  with  respect  to  probability  of  crack  detection  and 
their  costs,  which  can  be  developed  within  a full  scale  fatigue  test, 

the  determination  of  beginning  and  intervals  of  NDI  within  an  individual  aircraft 
tracking  program  during  service  usage. 

In  this  chapter  an  outline  is  given  for  the  principal  procedures  to  select  the 
most  effective  NDI  methods  and  intervals  for  service  usage  based  on  a full  scale  fatigue 
test  including  the  problems  of  fatigue  damages  undetected  by  NDI  during  full  scale 
fatigue  testing. 

The  term  "NDI"  used  in  this  chapter  Includes  the  application  of  a non-destructive 
inspection  to  a definite  fatigue  critical  location  within  a structure,  the  term  "NDI  method" 
is  referred  to  the  non-destructive  technique  used,  the  term  "NDI  procedure"  contains  the 
complete  non-destructive  evaluation  (NDE) . 


2 . GENERAL  PHILOSOPHY 

In  FIG  1 the  basic  procedure  for  the  development  of  NDI  procedures  on  airframe 
structures  during  service  usage  is  shown  in  correlation  to  the  full  scale  fatigue  test 
and  the  cost  effectiveness  considerations. 
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These  non-destructive  Inspections  shall  minimize  the  probability  of  failures  due 
to  fatigue  cracks  in  airframe  structures  and  maintain  operational  readiness  during  the 
usage  of  the  aircraft.  A basis  for  development  and  testing  of  NDI  procedures  is  a full 
scale  fatigue  test  whose  objectives  are: 

proving  the  assumptions  of  the  aircraft  concept, 

identification  of  fatigue  critical  areas  which  are  not  Identified  by  previous 
theoretical  fatigue  analyses  or  fatigue  component  tests, 

- definition  of  crack  propagation  behaviour.  Z” 1 » 117- 

Out  of  previous  investigations  which  comprise  theoretical  fatigue  analysis,  com- 
ponent tests  and  static  tests,  first  assumptions  for  fatigue  critical  areas  can  be  made. 
The  corresponding  NDI  methods  are  assembled  in  a NDI  survey. 

With  the  test  results  for  the  fatigue  critical  locations  the  allowable  damage 
indices  for  the  initiation  and  the  intervals  of  NDI  can  be  calculated. 

For  cost  effectiveness  considerations  a comparative  calculation  is  carried  out. 
The  costs  of  replacing  a damaged  part  with  a new  one  at  the  moment  of  first  inspection 
while  disregarding  the  NDI  procedures  developed  during  full  scale  fatigue  testing  must 
be  weighed  against  NDI  at  defined  intervals  after  the  first  Inspection. 

An  individual  aircraft  tracking  program  provides  the  basis  for  computation  of  the 
dcunage  indices  accumulated  by  each  aircraft,  indicating  the  initiation  and  interval  of 
NDI  by  comparing  the  allowable  damage  index  out  of  the  full  scale  fatigue  test  with  the 
individually  accumulated  damage  indices. 

The  result  of  the  NDI  on  a fatigue  critical  location  during  service  usage  must  be 
correlated  with  corresponding  damage  occured  during  full  scale  fatigue  test  in  order  to 
recalculate,  if  necessary,  the  allowable  damage  index  for  the  initiation  and  interval  of 
NDI. 

With  the  procedure  described  above,  it  is  assured  that  all  fatigue  critical 
locations  found  in  the  full  scale  fatigue  test  using  the  most  effective  NDI  methods  are 
inspected  at  an  individually  adapted  number  of  flight  hours. 


3.  NDI  DURING  FULL  SCALE  FATIGE  TEST 

In  order  to  fulfill  the  objectives  of  the  full  scale  fatigue  test  and  thus  provide 
a basis  for  NDI  procedures,  criteria  with  respect  to  the  test  airframe  structure  and  the 
test  loading  program  must  be  considered  /I 67. 

In  order  to  get  the  best  possible  correlation  between  a full  scale  fatigue  test  and 
service  usage  with  respect  to  beginning  and  interval  of  NDI  as  well  as  crack  propagation 
behaviour  and  location  of  fatigue  critical  areas  a randomized  fllght-by-f light  program 
with  a realistic  sequence  of  load  cycles  gained  out  of  flight  measurements  is  to  be 
developed  and  applied  /27. 

For  determining  a representative  loading  program,  the  following  basic  requirements 
should  be  met: 

Close  correlation  between  the  applied  loads  and  their  associated  stress  distributions 
at  all  fatigue  critical  locations 

Simulation  of  all  significant  loading  conditions  and  sequences,  especially  at  the 
fatigue  critical  locations,  for  example: 

. negative  loads 
. gust  and  maneuver  loads 
. taxi  loads 
. ground  to  air  cycle 
. empannage  laods 
. flap  loads. 

For  some  reasons,  especially  because  of  simplification  or  higher  test  speed,  some 
parts  of  the  airframe  structure  are  not  tested  within  the  full  scale  fatigue  test  - for 
Instance  empennages  are  tested  separately.  On  the  other  hand,  certain  loads  would  not  be 
applied  correctly  for  they  are  not  significant  for  most  of  the  fatigue  critical  parts  - 
side  loads  or  unsymmetrlcal  loads  on  fuselage  and  drag  loads  on  the  wing  structure  are 
often  neglected.  In  the  regions  of  structural  parts  which  are  not  loaded  representatively 
and  where  the  combination  of  the  applied  external  test  loads  are  not  correct,  fatigue 
critical  parts  must  be  non-destructive  Inspected.  A correlation  to  future  service 
Inspections  is  Impossible.  In  FIG  2 an  example  for  such  a part  in  pointed  out.  Other 
locations  to  which  special  attention  must  be  payed  in  full  scale  fatigue  tests  are  the 
external  load  introduction  points.  Applied  test  loads  can  cause  additional  significant 
local  stresses  because  of  their  more  or  less  point-wise  Introduction.  These  locations 
must  also  carefully  be  Inspected  during  the  test,  but  the  results  also  are  not  transfer- 
able to  service  usage.  FIG  3 shows  a typical  example  of  a load  introduction  point  NDI. 
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Normally  in  the  region  of  fuel  tanks  high  mass  loads  are  to  be  simulated;  therefore  the 
attachment  structure  must  be  inspected  during  full  scale  fatigue  testing. 

For  the  development  of  NDI  procedures  it  is  of  great  Importance  that  the  tested 
alrfreune  structure  is  extensively  Identical  with  the  structure  used  for  the  operational 
aircraft,  especially  for  the  fatigue  critical  locations  and  their  immediate  vicinity. 

For  Instance,  varying  skin  thickness  between  the  test  structure  and  the  structure 
of  the  operational  aircraft  affects  the  stress  distribution  as  well  as  the  corresponding 
NDI  method.  Aircraft  in  operational  usage  are  often  further  developed  which  Includes 
reinforcements  of  forgings,  skins  etc.  in  the  fatigue  critical  areas.  In  these  cases 
the  beginning  and  the  interval  of  NDI  must  be  determined  once  more  by  substituting  the 
altered  parts  in  the  full  scale  fatigue  test  or  by  theoretical  analysis. 

Conditioned  by  production  influences,  a scatter  of  the  geometrical  shape  of  the 
parts  must  be  sometimes  Included  if  the  NDI  method  for  a fatigue  critical  location  is 
developed  during  full  scale  fatigue  tests.  FIG  4 shows  an  example  for  the  adjustment  of 
an  inspection  procedure  to  the  variable  geometry  of  a part. 

Consequently,  if  during  a full  scale  fatigue  teat  a critical  location  is  realized 
and  a special  NDI  method  is  developed  for  service  usage  on  operational  aircraft,  a 
significance  check  must  be  carried  out.  This  significance  check  comprises: 

a check  whether  the  stress  distribution  due  to  the  test  loading  program  corresponds 
with  the  actual  stress  distribution  during  flight  in  order  to  obtain  a sufficient 
correlation  of  the  initiation  and  interval  of  NDI  between  test  and  service 

a check  whether  the  geometry  of  the  test  alrfreune  and  the  airfr6une  of  the  operational 
aircraft  is  identical  in  order  to  get  full  agreement  of  NDI  procedure  between  test 
and  services 

a check  whether  the  NDI  procedures  cover  the  full  range  of  production  scatter  in  order 
to  get  the  optimal  adaptation  of  the  NDI  procedure  during  service. 


4.  NDI  METHODS  DURING  FULL  SCALE  FATIGUE  TESTING  AND  THEIR  TRANSFER  INTO  SERVICE  USAGE 

Before  putting  a full  scale  fatigue  test  into  operation,  a great  portion  of  the 
fatigue  critical  areas  are  principaaly  known  out  of  theoretical  analysis,  component  tests 
and  static  tests.  For  these  areas  detailed  ND  inspection-plans  and  NDI  surveys  can  be 
formed  in  advance  and  the  NDI  procedures  can  be  fitted  to  the  local  realities.  Some 
special  environmental  conditions  at  the  fatigue  critical  areas  which  can  Influence  the 
proposed  NDI  method  often  are  not  simulated  within  the  full  scale  fatigue  test,  e.g. 
moisture  in  the  vicinity  of  fuel  tanks,  or  hydraulic  oil  in  the  main  landing  gear 
retraction  parts. 

During  full  scale  fatigue  testing  two  different  basic  types  of  NDI  procedures  are 
applied  which  can  be  used  in  service  with  some  modifications: 

- continuously  recording  NDI  procedures 

NDI  procedures  which  need  an  interruption. 

In  this  chapter  some  special  problems  and  details  of  NDI  procedures  during  full 
scale  fatigue  testing,  which  have  not  been  in  common  application  until  now,  and  the 
correlation  to  service  usage  are  dealt  with. 

In  order  to  guarantee  an  uninterrupted  running  of  the  test  as  much  as  possible, 

NDI  procedures  have  to  be  applied  which  detect  and  record  the  crack  propagation  con- 
tinuously. 

The  method  used  probably  most  widely  is  the  application  of  electrical  conductive 
materials  with  small  cross  sections,  which  are  bonded  to  the  structure  with  adhesive 
in  order  to  achieve  the  same  relative  strain  as  the  structural  part.  Normally  the  type 
of  material  is  copper  in  the  form  of  a wire  (crack  wire)  or  silver  in  the  form  of  con- 
ductive paint. 

The  cross  sections  of  crack  wires  vary  about  0.0004  in.  and  are  adapted  to  the 
elasticity  behaviour  of  the  material.  A fully  automatic  control  of  a fatigue  critical 
area  can  be  achieved  by  additional  TV  monitoring,  especially  during  the  phase  of  fast 
crack  propagation  (FIG  5). 

If  the  electrical  conductive  material  is  Interrupted  by  a fatigue  crack  and  a signal 
is  produced,  the  full  scale  fatigue  test  is  stopped  and  the  crack  length  is  measured 
with  one  or  two  different  NDI  methods, because  the  crack  can  extend  slightly  past  the 
conductive  material.  With  this  NDI  method,  fatigue  critical  areas  such  as  bolt  holes, 
notches,  and  locations  with  a high  stress  level  which  Include  also  parts  with  poor 
accessablllty  (for  Instance,  components  such  as  beams,  fittings,  etc.  in  the  inner 
part  of  a fighter  wing)  can  be  controlled.  For  critical  locations  existing  in  large 
numbers  such  as  rows  of  bolt  holes,  special  patterns  are  developed  with  integrated 
crack  wires.  They  can  be  applied  to  the  airframe  structure  also  simply  by  bonding  them 
with  adhesive. 
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In  the  scope  of  new  developments,  crack  wires  and  conductive  paints  are  applied  on 
fatigue  critical  areas  of  aircraft  In  service  usage.  With  this  measure  a on  condition 
maintenance  Is  possible  for  relatively  critical  structural  parts.  If  the  electrical 
conductive  material  Is  Interrupted  by  a crack  special  devices  produce  a signal  during 
flight  In  the  cockpit  or  on  ground  with  the  aid  or  special  test  equipment. 

The  reliability  of  the  signals  produced  by  electrical  conductive  materials  can  be 
characterized  as  sufficient.  Nearly  all  faulty  signals  which  have  occured  were 
caused  by  external  Influences  such  as  tools,  chemical  aggressive  mediums  and  so  on. 
Within  the  reach  of  small  crack  length,  this  means  smaller  than  0.08  In.,  reliable 
results  cannot  be  expected,  but  an  extrapolation  of  the  crack  propagation  behaviour 
Is  possible  with  the  aid  of  mlcrofractography . To  this  time.  It  has  not  occured 
whereby  a crack  crossing  an  electrical  conductive  material  produced  no  signal.  The 
conductive  paint  system  compared  with  crack  wire  have  the  advantage  of  easier  repair. 

For  specimen  tests,  continuously  operating  eddy  current  devices  are  used  which  can 
be  applied  on  principle  to  a full  scale  fatigue  test  and  In  the  future  perhaps  to 
service  usage. 

For  structural  components  which  can  be  sealed  up  a continuous  control  with  regard  to 
crack  passing  through  a part  can  be  performed  by  pressurlsatlon  with  a Inert  medium, 
mostly  gas.  Reduction  of  the  Initial  pressure  can  be  a hint  for  an  existing  crack. 

If  a medium  Is  used,  which  shows  a definite  color  or  a characteristic  smell, the 
damaged  areas  can  be  located  relatively  easy.  The  application  of  this  method  Is 
limited  to  Integrally  produced  or  bonded  components;  built-up  structures  are  mostly 
not  suitable  because  of  possible  leakage  at  fastener  holes. 

With  continuous  stress  measurements  In  highly  loaded  regions  of  a structural  part 
and  additional  measurements  In  their  close  vicinity,  the  existence  of  a crack  can  be 
recognized  by  a trend  analysis  showing  a redistribution  of  stress,  e.g.  decreasing 
resp.  Increasing  stress  values  for  the  same  loading  condition  at  different  numbers 
of  simulated  flight  hours  (FIG  6). 

The  most  commonly  used  NDI  methods  which  need  an  Interruption  of  the  test  or 
aircraft  service  can  be  classified  as  follows: 

- visual 

eddy  current 

- ultrasonic 

- liquid  penetrant 
magnetic  particle 

- X-ray. 

Methods  which  are  at  present  under  development  and  may  play  a part  In  the 
future  are: 

holography 
acoustic  emission 
thermal  methods. 

Generally  the  requirements  of  NDI  during  full  scale  fatigue  testing  Include  the 
detection  of  cracks  with  small  lengths  as  well  as  determining  the  crack  growth  rate  In 
the  regions  of  greater  crack  length.  Normally,  no  additional  environmental  Influences 
such  as  moisture,  hydraulic  oil  and  fuel  are  present  during  the  development  of  NDI  In 
contrast  to  service  NDI  where  these  Influences  can  cause  considerable  difficulties.  On 
the  other  hand,  seldom  must  exact  crack  growth  rates  be  determined  during  service  usage. 
Hence,  the  adjustment  procedure  for  the  above  mentioned  methods  during  service  usage 
must  take  place  In  the  direction  to  detect  a definitive  crack  with  a definitive  length 
under  environmental  Influences.  In  FIG  1 2 an  example  for  such  an  adjustment  procedure 
Is  given. 


5.  DAMAGES  UNDETECTED  BY  NDI  DURING  FULL  SCALE  FATIGUE  TESTING 

All  locations  considered  as  fatigue  critical  due  to  theoretical  analyses  and 
static  and  dynamic  pretests  are  collected  In  an  Inspection  list.  In  this  Inspection  list 
the  Interval  and  the  beginning  of  Inspection  as  well  as  the  NDI  method  with  which  the 
fatigue  critical  locations  are  controlled  during  the  full  scale  fatigue  test  are  stated. 
The  definition  of  the  practicable  NDI  method  relies  considerably  on  past  experience. 

With  this  It  Is  possible  In  certain  cases  that  fatigue  damages  are  not  revealed  In  time 
because  the  applied  NDI  methods  are  not  optimal  or  the  estimated  number  of  simulated 
flight  hours  until  the  beginning  of  Inspection  Is  not  correct. 

In  some  cases  the  most  effective  NDI  method  cannot  be  verified  because  of  time 
schedule  or  money  limitations.  During  full  scale  fatigue  testing  compromises  with 
respect  to  the  applied  NDI  method  must  be  concluded  In  order  to  get  acceptable  Inspection 
time  to  test  time  relation  - l.e.:  visual  NDI  for  some  regions  Instead  of  eddy  current 
or  ultrasonic  with  the  result  of  greater  minimum  detectable  crack  length. 
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Most  of  the  problems  arise  with  the  visual  NDI  methods.  FIG  4 shows  a typical 
example  of  non-optlmal  visual  Inspection.  Another  typical  non-optlmal  NDI  method  Is  the 
use  of  penetrant  Inspections  for  threads,  and  serrated  joints,  which  had  been  thought  of 
as  a good  procedure,  until  a total  failure  pointed  out  their  poor  qualification  for  these 
components  (FIG  7) . The  new  NDI  method  proposed  for  these  parts  Is  an  adapted  eddy 
current  method. 

Within  the  theoretical  fatigue  considerations  and  static  tests,  some  fatigue 
critical  areas  are  not  recognized  as  being  critical.  These  critical  locations  are  often 
additionally  loaded  by  secondary  bending  moments  overlayed  with  the  main  (tension  or 
compression)  loading.  In  FIG  8 an  access  cover  with  the  cutout  In  an  upper  wing  skin  Is 
shown;  fatigue  cracks  occured  In  the  radius  both  of  the  panel  and  the  skin.  The  first 
planned  visual  Inspection  was  not  sufficient  and  the  cracks  had  a length  of  about  1.4  In. 
when  they  were  detected.  Afterwards,  the  NDI  method  was  changed  to  penetrant  with  a much 
more  suitable  result. 

In  FIG  9 likewise  two  fatigue  failures  due  to  secondary  bending  are  presented.  In 
the  region  where  the  fatigue  cracks  originated,  the  lower  wing  skin  Is  connected  with  a 
relatively  stiff  fitting  which  ended  at  that  point.  The  crack  propagation  was  relatively 
fast  and  could  not  be  detected  by  the  NDI  method  (visual  Inspection)  proposed  at  first. 

After  the  first  cracks  were  detected  during  full  scale  fatigue  test,  the  NDI  method 
was  changed  to  ultrasonic  with  crack  wire  monitoring  and  TV.  The  other  failure  was  caused 
by  additional  loading  In  the  fuselage  skin  due  to  shear  buckling  at  the  attachment  of 
the  skin  to  bulkhead. 

FIG  10  Indicates  another  group  of  fatigue  cracks  which  are  relatively  difficult  to 
detect.  In  the  closed  structures  of  fighter  wings,  the  Inner  parts  can  be  Inspected  by 
NDI  In  a cursory  way  without  dismantling  the  total  wing  skins  and  beams.  As  shown  In 
FIG  10  a crack  occured  In  the  flange  of  a servo  block  covered  by  the  wing  skin.  The  visual 
Inspection  was  carried  out  without  removing  the  servo  block,  because  frequent  removal  of 
this  part  (about  every  200  simulated  flight  hours)  can  cause  severe  damages  In  the 
fasteners  holes  because  of  poor  fit  after  several  thousands  of  simulated  flight  hours. 

After  the  lower  flange  of  the  servo  block  was  cracked  over  the  whole  length,  the  skin  was 
overstressed  and  failed  as  a consequence  of  the  servo  block  failure.  In  order  to  have 
some  Indications  whether  a load  carrying  Inner  structure  part  has  failed,  torsional  and 
bending  stiffness  trend  analyses  can  be  carried  out  similar  to  the  previous  described 
strain  gauge  trend  analysis. 

Fatigue  cracks  undetected  by  NDI  can  also  cause  secondary  damage.  During  the  crack 
growth  period  at  fatigue  critical  locations  other  parts  or  locations  which  are  In  principle 
not  fatigue  critical  can  be  affected  by  considerably  higher  stresses  due  to  a redistribution 
of  the  stress  after  the  occurance  of  a crack  at  the  fatigue  critical  location.  FIG  11 
shows  an  example  of  a bolt  which  failed  repeatedly  (fatigue  critical  part) . In  the  same 
component  a lug  (In  principal  not  a fatigue  critical  part)  failed  because  of  the  consider- 
ably higher  stresses  encountered  during  the  period  between  the  actual  bolt  failures  and  the 
removal  of  the  bolts.  It  Is  therefore  necessary  to  Inspect  also  In  the  vicinity  of  fatigue 
critical  locations  to  determine  If  a fatigue  crack  Is  present  and  If  a significant  stress 
redistribution  has  taken  place. 

The  fatigue  damages  undetected  by  NDI  can  be  found  by  a carefully  performed  tear 
down  Inspection  of  all  structural  parts  which  are  not  covered  by  NDI  during  the  test  and  by 
additional  destructive  Inspection.  This  group  of  parts  exists  mainly  of  components  In  the 
Inner  structure,  not  accessible  for  NDI  In  an  assembled  condition. 


6.  COST  EFFECTIVENESS  CONSIDERATIONS  OF  NDI  FOR  SERVICE  USAGE 

After  the  development  of  NDI  methods  for  fatigue  critical  locations  during  full 
scale  fatigue  testing,  an  adjustment  for  using  this  method  In  service  Is  necessary.  Before 
taking  this  step,  considerations  must  be  carried  out  concerning  the  cost  effectiveness  of 
the  two  alternative  possibilities  at  the  moment  of  beginning  of  NDI: 

- exchange  of  the  part  with  subsequent  overhaul  or  scrap  and  replacement  by  a new  or 
overhauled  Item  (TCI) 

- NDI  at  defined  Intervals. 

The  criteria  needed  to  make  a decision  are: 

- the  crack  propagation  behaviour 

the  relation  between  part  and  removal  cost  and  NDI  costs. 

In  the  case  of  a crack  propagation  behaviour  which  Implies  relatively  short  NDI 
Intervals  It  can  be  advantageous  to  change  the  part  at  the  moment  of  NDI  Initiation  to 
a new  or  overhauled  one  than  to  Inspect  with  relatively  short  Intervals.  An  unfavorable 
crack  propagation  rate  can  be  caused  by  a small  critical  crack  length,  due  to  geometrical 
relations  and/or  the  material  properties  with  respect  to  fracture  toughness. 
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Especially  If  extensive  and  costly  removal  activities  are  necessary  or  If  only 
expensive  NOT  procedures  guarantee  th^  flight  safety  It  must  be  decided,  whether  It  Is 
better  to  declare  the  part  In  question  a time  change  Item.  FIG  12  points  out  a typical 
part  to  which  the  NDI  method  developed  during  full  scale  fatigue  test  Is  not  applied 
during  service  usage,  because  of  cost  effectiveness  considerations  (short  Inspection 
Intervals  because  of  relatively  unfavorable  crack  propagation  behaviour,  and  relatively 
great  effort  for  carrying  out  NDI  Inspection) . 

In  FIG  13  another  group  of  parts  Is  shown,  which  must  be  ND  Inspected  during 
full  scale  fatigue  testing  In  order  to  determine  the  moment  of  exchange,  but  which  are 
not  ND  Inspected  during  service  usage  because  of  their  low  production  cost  In  relation 
to  the  removal/lnspectlon  costs. 


7.  BEGINNING  AND  INTERVAL  OF  NON  DESTRUCTIVE  INSPECTION  DURING  FULL  SCALE  FATIGUE 

TEST  AND  SERVICE  USAGE 

The  fatigue  critical  locations  defined  In  component  tests  and  fatigue  analyses 
carried  out  preliminary  to  the  full  scale  fatigue  test  are  inspected  mostly  from  the 
beginning  at  fixed  Intervals.  The  first  approach  for  the  Interval  depends  on  the  assumed 
crac)c  propagation  behaviour  at  the  structural  part  under  consideration.  If  a fatigue  crack 
Is  detected  It  Is  monitored  by  shortened  Intervals  In  order  to  get  sufficient  Information 
for  crack  growth  curves,  and  sometimes  simultaneously  monitored  by  crack  wire  or  TV.  If 
It  Is  likely  that  the  fatigue  crack  can  cause  a total  failure  of  the  test  airframe 
during  the  unstable  phase,  a decision  Is  made  whether  a repair  Is  to  be  carried  out  or 
the  test  Is  to  be  finished  after  a failure  of  the  component.  The  resulting  crack  growth 
curves  provide  In  combination  with  additional  specimen  cests  a basis  for  an  estimation 
of  the  Initiation  and  Interval  of  NDI  during  service  usage. 

For  structures  which  are  designed  to  be  'damage  tolerant'  the  procedures  to 
determine  the  Inspection  Intervals  for  service  usage  are  well  known  /7,  6,  9,  11,  12,  137- 

Since  many  components  and  assemblies  actually  comprise  a mixture  of  safe  life  and 
fall  safe  an  approach  can  be  used  to  calculate  the  allowable  life  (economic  or  safety 
limit)  for  the  beginning  of  Inspections  at  the  fatigue  critical  locations  during  service 
usage.  The  applied  methods  take  Into  account  the  Influence  of  the  material  and  production 
process  (scatter  of  strength  Tg)  If  the  aircrafts  In  usage  are  tracked  Individually  by 
g-meter  and/or  fatigue  recorder,  and  additionally  the  Influence  of  loading  (scatter  of 
loading  Tj_)  If  the  aircrafts  In  usage  are  not  tracked  Individually  £7,  87 . 

Out  of  the  scatter  factors,  with  an  assumed  probability  of  occurance  of  a 
crack  at  a maximum  tolerable  length,  a safety  factor  can  be  calculated  which  Is  applied 
to  the  mean  value  of  the  test  results  and  which  leads  to  the  allowable  damage  Index, 
respectively  to  the  allowable  flight  hours  for  NDI.  The  maximum  tolerable  crack  length 
depends  on  the  fracture  toughness  behaviour  of  the  material,  the  stress  condition,  the 
environmental  Influences,  the  applied  NDI  method  and  the  accessibility.  The  damage 
Index  Is  determined  out  of  the  applied  stress  spectrum  by  a damage  accumulating  theory, 
for  Instance  by  means  of  a Miner  calculation  /By. 

In  Fig  1 4 the  procedure  for  the  determination  of  the  beginning  of  Inspection  for 
aircraft  In  service  usage  Is  shown.  A convenient  value  determined  out  of  a great  number 
of  tests  for  the  standard  deviation  of  full  scale  fatigue  test  results  Is 

Strength  “ °'''^  (scatter  T^  - 1 : 2.15)  /1 57- 

paired  with  a probability  of  occurance  for  a small  crack  length  P;^  * 10~3  the  safety 
factor  correlated  to  the  mean  test  result  with  Individual  aircraft  tracking  Is  In  the 
region  of  3 (depending  on  the  number  of  test  results)  and  In  the  region  of  4 without 
aircraft  tracking. 

With  the  special  recording  tapes  of  the  fatigue  recorders  and  the  forms  for  the 
readings  of  the  g-meter,  the  resulting  data  can  be  managed  within  data  processing  with 
a reasonable  aunount  of  time  and  money.  If  a computed  deunage  Index,  respectively  the 
number  of  flight  hours  accumulated  by  an  Individual  aircraft,  achieves  the  allowable 
damage  Index,  respectively  flight  hours,  a NDI  must  be  carried  out.  An  example  for  the 
printout  of  the  consumed  life  and  the  projected  first  Inspection  In  flight  hours  and 
time  schedule  for  logistic  handling  Is  shown  In  FIG  15. 

The  Inspection  Intervals  during  service  usage  can  likewise  be  determined  damage 
equivalent.  Otherwise,  the  factored  number  of  test  hours  between  the  t>eglnnlng  of 
Inspection  and  the  unstable  crack  growth/fallure  must  be  divided  by  the  numtier  of 
necessary  Inspections  to  detect  the  crack  with  a high  degree  of  confidence  /157. 
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8.  EVALUATION  OF  NDI  RESULTS 

In  order  to  get  the  full  Information  for  a certain  component  concerning  Its 
fatigue  behaviour  It  Is  necessary  to  evaluate  all  results  of  service  NO  Inspection 
Besides  the  general  data  of  the  Individual  aircraft  and  the  damaged  component,  e.g. 

aircraft  serial  number 

- part  number  and  serial  number  of  damaged  part 

Information  concerning  the  reasons  which  caused  the  failure  and  the  specific  failure  data 
must  be  tracked: 

- relevant  number  of  flight  hours/landings 

. accumulated  flight  hours,  landings  etc. 

. accumulated  damage  Index,  spectrum  type 

type  of  defect  or  failure 
. crack  (position,  length) 

. type  of  failure  (fatigue,  corrosion,  stress,  overload 
or  combination  of  these) 

material  and  manufacturing  data 

material,  manufacturing  process,  heat  treatment, 
surface  treatment 

stress  conditions 

. geometry,  stress  concentration  factor 
. nominal  stress 

A proposal  for  a data  collection  sheet  which  Is  data  processing  compatible  Is 
shown  In  FIG  16.  These  data  are  the  basis  for  corrections  of  the  beginning  and  Intervals 
of  NDI.  They  also  can  be  used  as  a control  of  the  success  of  the  applied  NDI  method. 


9.  CONCLUSION 

A full  scale  fatigue  test  can  be  a powerful  tool  for  defining  efficient  NDI  at  the 
fatigue  critical  locations  If  some  criteria  are  considered  concerning  the  loading  program, 
the  significance  of  the  stress  distributions,  and  the  test  specimen  Itself.  In  combination 
with  an  Individual  aircraft  tracking  program,  the  full  scale  fatigue  test  results  allow 
the  application  of  the  most  efficient  NDI  to  each  aircraft  In  service  and  to  each 
critical  location  Individually. 
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Fig.  I Basic  procedure  for  the  development  of  NDI  procedures 
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Fig. 4 Selection  of  a NDI  procedure  and  adaption  to  production  scatter 


Fig.  5 Monitoring  of  a fatigue  critical  location  with  crack  wires  and  TV 
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Fig. 8 Fatigue  cracks  in  an  access  cover  of  an  upper  wing  skin 
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Fig. 9 Fatigue  failures  due  to  additional  loadings 
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Fig.  1 5 Example  for  the  printout  of  the  computed  time  point  for  NDI  and  scrap 
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Fig.  1 6 Proposal  for  an  inspection  data  collection  sheet 
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CRITICAL  INSPECTION  OF  BEARINGS  FOR  LIFE  EXTENSION 

John  R.  Barton,  Felix  N.  Kusenberger,  and  Richard  T.  Smith 
Southwest  Research  Institute,  San  Antonio,  Texas  78284 


Background  research  with  the  object  of  developing  more  definitive  non- 
destructive inspection  methods  for  improved  reliability  and  quality  of 
rolling  element  bearings  is  reviewed.  The  primary  thrust  of  the  re- 
search has  been  directed  at  the  inspection  of  precision  mainshaft  and 
transmission  bearing  assemblies  in  which  the  individual  components  -- 
outer  race,  rolling  elements  (balls  or  rollers)  and  inner  race  --  can 
be  separated,  readily.  Typical  results  obtained  with  magnetic  pertur- 
bation for  flaw  detection,  Barkhausen  Noise  Analysis  for  residual  stress 
assessment,  and  laser  scattered  radiation  for  surface  finish  and  surface 
anomaly  detection  are  presented.  The  Critical  Inspection  of  Bearings 
for  Life  Extension  (CIBLE)  program  concept  is  described;  a cardinal 
element  of  this  program  is  the  examination  of  new  and  used  bearings, 
installation  of  the  bearings  in  gas  turbine  engines,  re-examination  of 
bearings  at  engine  overhaul  and  the  development  of  serviceability  cri- 
teria based  on  actual  service  performance  of  the  bearings  in  engines, 
and  a determination  of  the  correlation  between  the  nondestructive  in- 
spection signatures  and  the  bearing  serviceability  criteria.  The  pre- 
liminary phase  of  the  program  and  the  development  of  semi-automatic 
equipment  for  data  acquisition  and  analysis  are  described,  together  with 
recent  applications. 


I.  INTRODUCTION 

A computer-assisted  automatic  system  for  quantitative  nondestructive  evaluation/inspection 
of  ball  and  roller  bearing  components  has  been  developed  and  is  now  being  integrated  into  bearing  in- 
spection processing  at  the  Corpus  Christi  Army  Depot  and  the  Air  Force  Logistics  Center  at  Tinker  AFB 
in  Oklahoma  City.  A similar  system  is  being  used  at  Southwest  Research  Institute  for  bearing  investi- 
gations and  also  in  the  CIBLE  (Critical  ^spection  of  Bearings  for  Life  Extension)  program. 

The  primary  purpose  of  the  CIBLE  program  is  to  provide  significantly  improved  nondes- 
tructive methods  for  inspecting  new  and  used  bearing  components  to  ensure  a high  degree  of  uniformity 
and  reliability  and  to  provide  a basis  for  forecasting  bearing  life  based  on  measured  material  conditions 
of  individual  bearing  components,  i.e.,  inner  race,  outer  race,  balls/rollers  as  shown  in  Figure  1. 
Technical  foundations  for  the  methods  (1-24)  and  a concise  summary  of  the  CIBLE  concepts  (25)  have 
been  presented  previously,  but  a brief  review  is  presented  below.  A cardinal  element  of  the  program 
is  the  acquisition  of  a comprehensive  data  base  from  a large  fraction  of  several  selected  in-service 
bearing  populations  (for  example,  J57  engine  main  shaft  No.  4 position  ball  bearing)  before  service  and 
at  subsequent  intervals  during  the  service  life.  Computer  processing  of  the  extensive  data  acquired 
(from  Components  of  individual  bearings)  will  aid  in  development  of  trend  analyses  based  on  characteris- 
tic signature  changes  associated  with  service -induced  bearing  deterioration  or  changes  which  ultimately 
result  in  failure  of  the  bearing  component.  The  service  data  base  will  be  supplemented  by  metallurgical 
investigations  and  controlled  endurance  testing  investigations  of  selected  service  components.  Use  of 
actual  engine  service  instead  of  the  usual  laboratory  endurance  testing  ensures  realistic  conditions  and 
also  eliminates  the  unacceptable  high  cost  associated  with  testing  large  numbers  of  main  shaft  bearings 
for  times  commensurate  with  actual  service  times.  Ultimately  a serviceability  criteria  will  be  evolved 
based  on  computer  assisted  multiple  parameter  analyses  to  establish  correlations  of  the  individual  bear- 
ing data  profile  with  bearing  performance  in  actual  service. 

Since  only  a very  small  fraction  of  bearings  fail  from  material  conditions,  it  is  necessary 
to  examine  a large  number  of  bearings.  At  the  present  time,  the  data  base  is  not  sufficiently  extensive 
to  permit  even  a preliminary  forecast.  Furthermore,  an  extended  program  (5  years  or  longer)  is  re- 
quired because  it  is  necessary  that  data  be  acquired  from  bearings  at  one  or  two  successive  overhaul 
intervals.  However,  as  anticipated,  the  extensive  high  sensitivity,  high  resolution  data  acquired  during 
routine  high-speed  inspection  of  bearing  components  has  disclosed  examples  of  imperfections  in  new, 
used  and  reprocessed  bearing  components  which  should  be  of  concern  to  the  user. 

II.  BRIEF  REVLIW  OF  MAGNETIC  NONDESTRUCTIVE  EVALUATION  METHODS 

Magnetic  methods  are  among  the  oldest  of  nondestructive  approaches.  The  most  commonly 
used  approach  is,  of  course,  magnetic  particle  method  wherein  flaws  are  indicated  by  the  accumulation 
of  particles  attracted  to  the  magnetic  poles  formed  by  discontinuities.  There  are,  however,  other  mag- 
netic methods  which  have  potential  for  application  to  a wide  range  of  specialised  problems. 
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The  physical  basis  for  the  magnetic  properties  of  ferromagnetic  materials  is  best  described 
by  the  magnetic  domain  theory.  This  theory  which  now  has  comprehensive  experimental  confirmation, 
postulates  that  the  material  is  comprised  of  local  regions  called  ferromagnetic  domains,  each  magnet- 
ized to  saturation,  but  aligned  according  to  the  state  of  local  magnetization.  Adjacent  domains  are 
separated  by  a thin,  highly  localized  magnetic  transition  region  called  a domain  wall  or  Bloch  wall. 

Even  in  the  demagnetized  state,  all  domains  are  still  magnetized  to  saturation,  but  the  orientation  of 
the  individual  domain  magnetization  vectors  is  random,  which  results  in  the  net  magnetization  of  the 
specimen  being  0.  The  application  of  a magnetic  field  or  a stress  can  change  the  configuration  of  the 
domains,  principally  by  wall  movement. 

Investigations  have  confirmed  that  with  carefully  prepared  specimens,  usually  single  crys- 
tals, it  is  possible  to  calculate  domain  wall  positions  and  configurations  based  upon  minimum  energy 
consideration.  Magnetic  pole  distributions  around  inclusions  have  been  calculated  and  experimentally 
observed.  However,  with  complex  shape  polycrystalline  specimens  and  engineering  components,  precise 
calculations  based  on  domain  interactions  have  not  been  accomplished. 

The  fact  that  magnetic  domain  walls  can  be  forced  to  move  under  the  influence  of  a changing 
applied  magnetic  field  or  stress,  provides  the  fundamental  basis  for  the  Barkhausen  noise  method  of  non- 
destructive residual  stress  measurement.  Barkhausen,  in  i917,  discovered  that  voltages  induced  in  an 
electrical  coil  encircling  a ferromagnetic  specimen  produced  a noise  when  suitably  amplified  and  applied 
to  a speaker,  even  though  the  magnetization  applied  to  the  specimen  was  changed  smoothly.  We  now  recog- 
nize these  small  discontinuous  increments  as  Barkhausen  jumps,  which  are  caused  principally  by  discon- 
tinuous movements  of  mobile  magnetic  boundaries  between  adjacent  magnetic  domains  and  occasionally 
by  the  initiation  of  new  magnetic  domain  walls.  The  direction  and  magnitude  of  the  mechanical  stress 
existing  in  a macroscopic  ferromagnetic  specimen  strongly  influences  the  detailed  dynamics  of  the  domain 
wall  motion  and  correspondingly  influences  the  Barkhausen  noise.  Advanced  magnetic  evaluation  methods 
had  their  beginning  at  Southwest  Research  Institute  in  the  early  1960'a  when  an  industrial  client  contracted 
to  develop  more  sensitive  methods  for  subservice  flaw  detection  in  bearing  components.  Subsequently  the 
work  has  been  extended  to  the  early  detection  of  fatigue  damage  and  more  recently  to  the  measurement  of 
residual  stress  using  the  Barkhausen  noise  phenomenon.  The  research  has  been  concerned  primarily  with 
the  detection  of  very  small  flaws  and  small  fatigue  cracks.  Conventional  nondestructive  methods  have  been 
effective  in  the  range  from  approximately  .05  to  .25  inches  and  larger.  The  advanced  magnetic  methods 
have  been  useful  in  detecting  fatigue  cracks  with  a minimum  size  of  approximately  0.003  inches  and  under 
some  conditions,  for  example  in  ball  bearing  components,  inclusions  as  small  as  0,001  inches  in  diameter 
have  been  repeatedly  and  reliably  detected. 


A relatively  simple  analytical  model  has  shown  that  the  magnetic  field  in  the  vicinity  of  the 
inclusion  or  flaw  can  be  predicted  to  provide  a basis  for  experimental  determination.  The  predicted  mag- 
metic  field  shows  that  the  separation  of  the  peaks  in  the  magnetic  field  component  perpendicular  to  the 
surface  containing  the  flaw  will  be  approximately  equal  to  the  distance  from  the  surface  to  the  centroid  of 
the  flaw  itself.  These  elementary  calculations  have  been  helpful  in  guiding  the  experimental  work  and  in 
the  interpretation  of  experimental  results. 

An  experimental  investigation  of  fatigue  damage  mechanisms  and  nondestructive  fatigue 
damage  detection  methods  has  been  carried  out  using  specimens  which  are  conventional  rod-type  tension 
specimens,  containing  no  notches  with  surfaces  which  are  carefully  finished  to  remove  all  machining  and 
grinding  marks.  Typically,  data  are  acquired  at  relatively  high  and  relatively  low  magnetic  flux  densi- 
ties by  scanning  a small  magnetometer  along  the  longitudinal  axis  of  the  specimen.  The  magnetometer 
is  a haul-effect  probe  with  minute  sensing  element  approximately  0.001  inches  by  0.004  inches,  thereby 
providing  very  high  resolution.  Data  are  obtained  before  cycling  and  at  selected  intervals  during  cycling. 
The  specimen  is  monitored  continuously  by  means  of  six  ultrasonic  surface  wave  transducers  operating 
at  10  megahertz. 

Success  of  the  magnetic  methods  in  providing  NDE  measurements  of  critical  importance  in 
determining  the  material  performance  of  bearings  has  provided  the  technical  basis  for  significantly  im- 
proved nondestructive  evaluation  procedures.  The  next  section  gives  a brief  description  of  the  NDE  equip- 
ment which  has  evolved  and  preliminary  but  impor>ant  results  which  have  already  been  obtained  will  be 
presented, 

III.  EQUIPMENT 

The  CIBLE  equipment  provides  a completely  integrated  nondestructive  inspection  methodology 
using  non-contacting  sensors  with  precision  tracking  of  individual  probes.  Accordingly,  it  is  possible  to 
correlate  results  from  several  sensor  channels,  thereby  providing  a basis  for  more  completely  defining 
and  quantifying  signature  sources.  Sensitive  quantitative  nondestructive  examinations  of  the  active  race 
and  ball/roller  surfaces  of  individual  ball  and  roller  bearing  components  are  accomplished  rapidly  and 
automatically  under  the  supervision  of  a minicomputer.  Three  different  NDE  methods  are  used;  namely, 
magnetic  perturbation,  Barkhausen  noise  analysis  and  scattered  laser  radiation.  A photograph  of  the  over- 
all system  is  shown  in  Figure  2.  The  computer,  data  terminal,  magnetic  recorder,  power  supplies,  elec- 
tronics, etc.  , are  housed  in  the  center  consolves;  the  inner  and  outer  race  inspection  module  is  in  the  cabi- 
net at  the  left  and  the  ball/roller  inspection  module  is  in  the  cabinet  at  the  right  for  the  Air  Force  System, 
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A photograph  of  the  race  inspection  asseri'ibly  is  shown  in  Figure  3 and  Figure  4 is  a view  of  the  ball/roUer 
inspection  assembly.  Precision  fixtures  and  associated  software  are  required  for  each  different  configura- 
tion component;  change-over  from  one  configuratioit- component  to  another  is  simple  and  can  be  accomplish- 
ed in  approximately  5 minutes.  Fixtures,  essentially,  consist  of  precision  air-operated  chucks  for  posi- 
tioning the  bearings  during  inspection  and  magnetic  pole  pieces  to  guide  the  flux  to  the  inspection  region. 

The  pole  pieces  also  support  and  precisely  position  the  magnetic  perturbation  and  Barkhausen  probes  which 
are  air-cushion  floated  on  the  race  surface.  Stepper  motors  under  supervision  of  the  coniputer  automati- 
cally index  the  probes  to  inspect  the  active  raceway  surfaces  during  high-speed  rotational  scans  of  the  bear- 
ing component.  An  optical  sensor  acquires  a permanently  engraved  reference  mark  on  a non-critical  sur- 
face of  the  bearing  race  and  this  mark  is  tracked  continuously  by  the  computer  to  provide  precise  signature 
azimuthal  information.  The  laser  inspection  requires  no  special  fixtures  and  only  a software  change  is  re- 
quired to  accommodate  different  components.  After  the  inspection  is  completed,  the  components  are  auto- 
matically demagnetized.  Signature  information  is  stored  in  the  computer  memory  during  inspection  and 
printed  out  on  a teletype  terminal  or  other  high-speed  recorder  after  completion  of  the  inspection,  A fix- 
ture is  also  provided  which  permits  precise  location  positioning  of  signature  regions  in  the  field  of  view  of 
a microscope;  a camera  attachment  facilitates  photographing  the  surface.  All  inspection  parameters,  for 
example  rotational  speed,  positioning  sequences,  magnetic  field  sequences,  etc.,  are  automatically  con- 
trolled by  the  computer  during  inspection.  Figure  5 is  a system  diagram  and  the  black  lines  indicate  rou- 
tine functions  of  the  operator;  a teletype  terminal  is  used  for  operator-computer  communication. 

Selected  equipment  features  and  a concise  summary  of  the  inspections  performed  are  p *e- 
sented  in  Table  1.  One  of  the  magnetic  inspection  examinations  is  capable  of  resolving  minute  subsurface 
inclusions  as  small  as  0.001  inch  (0.025  mm)  in  diameter  which  is  far  beyond  the  capabilities  of  other  non- 
destructive inspection  methods.  During  the  laser  scan  the  total  active  surface  of  the  raceway  is  examined 
as  compared  to  isolated  tracks  normally  examined  with  conventional  surface -roughness  measuring  devices. 
The  Barkhausen  noise  analysis  method  of  residual  stress  measurement  is  a state-of-the-art  development 
capable  of  sending  subsurface  stress  changes  caused  by  service  (26)  and  associated  material  transforma- 
tions which  occur  during  extended  severe  loading  of  ball  bearing  components;  this  is  the  only  known,  com- 
pletely nondestructive  method  of  sending  such  stresses. 

Each  set  of  fixturing  includes  a reference  bearing  component  used  to  check  overall  function 
of  the  equipment  at  intervals.  The  hard  copy  printout  and  Polaroid  photographs  of  actual  signatures  ob- 
tained from  such  a component  are  presented  in  Fig.  6.  Test  flaws  are  a lapped  hole  (a  geometric  void 
simulating  an  inclusion)  and  a mechanical  indent,  (a  very  shallow  geometric  void  but  is  a pronounced  lo- 
calized surface  contour  change  and,  furthermore,  localized  stresses  and  strains  are  associated  with  the 
indent. ) 

The  characteristic  signatures  obtained  with  circumferential  flux  orientation  are  shown  in 

Figure  6A. 

The  signatures  presented  in  Figure  6B  were  obtained  with  radial  flux  orientation  and  the 
change  in  localized  surface  contour  is  the  primary  factor  influencing  these  signatures. 

In  the  present  equipment  configuration,  the  residual  stress  measurement  is  not  made  in  a 
scanning  mode  but  at  selected  locations  including  the  center  of  the  load  track  and  at  locations  near  the 
extremeties  of  the  load  track.  Characteristic  Barkhausen  signatures  obtained  from  the  reference  com- 
ponent are  shown  in  Figure  6E.  The  two  signatures  shown  were  obtained  from  the  same  location  but  on 
successive  cycles  of  the  magnetic  field  sweep.  This  characteristic  shape  is  obtained  from  races  with 
high  residual  compression  stresses;  low  amplitude  signatures  are  obtained  from  tension  regions.  Usually 
for  material  in  tension,  the  signature  consists  of  a leading  edge  spike  followed  by  a triangular  shaped 
segment  and  examples  are  presented  in  a later  section. 

p, 

Laser  signatures  are  presented  in  Figure  6C  for  the  pit  or  surface  anomaly  inspection  mode 
and  for  the  surface  finish  mode  in  Figure  6D.  The  characteristic  spike  signatures  for  the  surface  anomaly 
inspection  mode  are  influenced  by  several  different  parameters.  In  the  surface  finish  inspection  mode  the 
upward  departure  of  the  signal  trace  from  the  baseline  is  associated  with  increasing  surface  roughness  of 
the  component. 

Pf.  RESULTS 

A.  Surface  Flaws 

In  Figure  7 characteristic  signatures  obtained  from  new  mainshaft  bearing  inner  races  (for 
the  number  two  position  in  the  J85  engine)  are  shown  in  the  35mm  recordings  obtained  during  one  revolu- 
tion of  the  bearing;  the  associated  expanded  sweep  Polaroid  photos,  along  with  photographs  of  the  surface 
flaws  which  caused  the  signatures  are  presented  also.  These  signatures  were  obtained  with  circumferen- 
tial high-field  (CH)  inspection  conditions.  The  signature  at  the  left  from  bearing  Serial  No.  07219  is  rela- 
tively symmetrical  in  the  left-to-right  scan  direction.  In  contrast,  the  signature  at  the  right  from  bearing 
Serial  No.  05672  shows  an  asymmetry  which  corresponds  qualitatively  with  the  asymmetry  of  the  flaw  as 
seen  in  the  surface  photograph. 


It  has  been  confirmed  that  spalling  type  failures  can  often  originate  at  indentations  during 
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laboratory  endurance  testing  of  bearing  components  and  an  excellent  example  illustrating  this  type  failure 
is  shown  in  Figure  8.  The  indent  is  the  small,  irregular  shaped  impression  touching  the  extreme  left  edge 
of  the  spall  and  indicated  by  an  arrow.  At  higher  magnification,  the  grinding  lines  were  still  evident  in 
the  bottom  of  the  indent  and  this  characteristic  condition  is  evidence  that  the  lubrication  film  existed  at 
the  time  this  indent  was  embossed  in  the  surface  during  running  of  the  bearing.  In  the  absence  of  the  lub- 
ricating film,  the  grinding  iines  are  obliterated  by  relative  motion  between  the  two  contacting  surfaces  as 
the  embossing  action  occurs. 

Characteristically,  the  indent  is  observed  on  the  leading  edge  of  the  spall  and,  in  the  illustra- 
tion presented,  the  ball  would  roll  from  the  left  to  the  right  edge  of  the  illustration.  Another  feature  is 
that  the  numerous  small  indents  on  the  ball  exit  side  of  the  spall  are  caused  by  debris  particles  from  the 
spall  development.  Also,  a characteritic  sheen  or  smooth  texture  exists  in  a narrow  region  surrounding 
the  indent. 

During  the  routine  automatic  inspection  of  new  J57  engine  bearings,  signatures  have  been  ob- 
tained in  a number  of  instances  from  indents.  A selected  example  from  a new  J57-#4  position  outer  race 
is  shown  in  Figure  9.  Note  at  the  upper  left  that  the  computer  printout  indicates  a flaw  signature  obtained 
at  radial  high-field  (RH)  conditions  on  Track  0007  (this  is  in  the  load  track  region  during  operation  of  this 
bearing)  and  located  at  2792  counts  from  the  reference  "0"  mark  on  the  bearing.  The  fact  that  no  circum- 
ferential printout  is  obtained  indicates  that  the  flaw  is  very  shallow.  A Polaroid  photo  showing  the  actual 
signature  and  a surface  photograph  located  coincident  with  the  signature  are  also  presented.  The  indent 
region  was  replicated  and  a scanning  electron  microscope  (SEM)  photograph  of  the  indent  replica  is  shown 
in  Figure  10.  In  this  illustration  the  grinding  lines  are  obvious  at  the  bottom  of  the  indent  and  »lso  the 
smearing  over  of  the  grinding  lines  surrounding  the  indent  are  obvious.  The  smearing  of  the  grind  lines 
is  caused  by  metal-to-metal  contact  as  the  lubricating  film  is  squeezed  out. 

Also,  flaw  printouts  have  been  obtained  on  several  new  J57-#2  position  bearings  under  radial 
flux  orientation  and  investigations  have  shown  an  unusual  radial  flux  signature  characteristic  associated  with 
a grinding  artifact.  Selected  results  are  presented  in  Figure  11.  The  optical  surface  photograph  at  SOX 
magnification  shows  what  appears  to  be  a region  where  the  grinding  wheel  picked  up  metai  from  the  surface 
and  smeared  if  on  the  adjacent  surface  for  a distance  of  approximately  0.015  in.  Several  photographs  of 
a plastic  replica  from  this  region  viewed  through  the  SEM  are  presented  in  Figure  12.  The  low  magnifica- 
tion view  at  the  upper  left  shows  the  entire  imperfection.  The  view  at  the  upper  right  shows  significantly 
increased  detail  and  what  appears  to  be  metal  removed  and  "scraped"  along  in  the  circumferential  direction. 
Also,  Region  A is  shown  at  high  magnification  in  the  lower  left  and  it  appears  that  a trianguiar  shaped  seg- 
ment of  the  original  metal  surface  remains  with  what  may  be  cracks  indicated  by  arrows.  Evidence  that 
this  region  is  the  original  surface  is  provided  by  the  grinding  lines  in  this  region.  A magnified  view  of 
Region  B is  shown  at  the  lower  right  where  numerous  small  (approximately  2.  54  p or  0.  0001  in.  diameter) 
artifacts  are  observed.  Also,  near  the  lower  center  of  Region  B it  appears  that  the  grinding,  line s have  been 
distorted. 


B.  Surface  Flaws  on  Vendor  Reprocessed  Bearings 

Magnetic  perturbation,  Barkhausen  noise  and  laser  scan  records  were  acquired  from  a group  I 

of  bearings  in  which  the  active  race  surfaces  were  reground  (approximately  0.002  in.  material  was  re-  i 

moved)  by  a vendor  to  determine  the  effectiveness  of  such  a procedure  for  extending  bearing  life.  New 
oversized  rolling  eiements  were  used  with  the  race  components.  Figure  13  shows  magnetic  perturbation 

records  obtained  on  a reground  inner  race.  The  expanded  horizontal  axis  record  in  the  lower  part  of  Fig-  j 

ure  13  shows  a well-shaped,  symmetrical  void  polarity  signal  indicative  of  a pit,  hole  or  nonmetallic  in-  ] 

elusion,  probably  at  or  near  the  raceway  surface.  The  region  corresponding  to  the  signature  was  examined  1 

under  the  microscope  and  the  unusual  appearance  of  the  surface  anomaly  is  shown  in  the  upper  photograph  ! 

of  Figure  14.  The  very  regular,  sharply  defined  and  nearly  perfect  circular  pattern  on  the  compound,  : 

curved  surface  of  this  inner  race  generated  intense  interest.  Furthermore,  although  the  region  appears  ] 

to  be  relatively  superficial  and  possibly  only  a blemish  on  the  surface,  the  fact  that  a circumferential,  1 

high-flux  density  signal  (CH)  was  obtained  indicates  that  the  anomaly  or  flaw  has  significant  volume  in  \ 

which  the  magnetic  permeability  is  lower  than  the  surrounding  metal  matrix.  This  small  diameter  inner 
race  was  inserted  in  the  chamber  of  a scanning  electron  microscope  and  several  views  obtained,  ft  rela-  i 

tively  low  magnification  view  of  the  entire  region  is  shown  in  the  lower  part  of  Figure  14.  (The  oval  shape  V ^ 

of  the  boundary  region  is  caused  by  the  angle  of  viewing)  It  is  apparent  that  the  well-defined  circular  out- 
line still  exists;  accordingly,  this  line  is  not  just  a stain,  but  is  a true  topographical  feature.  Additional 
views  of  regions  A and  B are  shown  at  higher  magnifications  in  Figure  15  along  with  an  X-ray  fluorescence  j 

scan  for  oxygen  in  region  B.  In  region  B additional  cracks  are  evident  and  the  X-ray  image  obtained  dur-  j 

ing  a scan  for  oxygen  indicates  that  this  region  contains  significant  oxides.  It  was  the  opinion  of  the  meta-  i 

llurgist  that  the  overall  evidence  indicates  rust  penetrating  into  the  surface  of  the  bearing  race.  j 

I 

During  routine  inspection  on  the  CIBLE  equipment  of  20  J57-#2  bearings  (3  components  per 
bearing,  i.  e.,  two  inner  race  halves  and  one  outer  race)  reprocessed  by  a vendor  after  engine  service, 
computer  printouts  were  obtained  on  4 components.  All  areas  were  investigated  at  the  signature  locations 
and  in  each  Instance  correlation  with  a visual  surface  anomaly  was  obtained.  Information  from  the  most 
prominent  example  is  presented  in  Figure  16,  The  computer  printout  is  at  the  upper  left  and  the  circum- 
ferential high-field  signature  (CH)  and  radial  high-field  signatures  (RH)  associated  with  the  flaw  on  Track 
0004  and  at  the  azimuthal  location  485 i along  with  a surface  photograph  of  the  flaw  are  presented.  (The  | 
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difference  of  seven  counts  between  the  circumferential  signature  indicated  locations  is  not  significant.  ) 

The  fact  that  the  circumferential  signature  is  not  symmetrical  about  the  zero  crossing  is  probably  caused 
by  the  unsymmetrical  flux  perturbation  generated  by  the  two  separate  anomalies  in  the  flaw  region,  but 
could  also  be  caused  by  subsurface  features  not  disclosed  by  the  surface  photograph.  A plastic  replica 
was  made  of  this  flaw  region  and  several  SEM  views  of  the  replica  are  presented  in  Figure  17.  Note  the 
loss  of  material  and  rather  extensive  cracking  in  the  two  upper  photographs.  Also,  note  in  the  lower  region 
of  the  flaw  that  a metal  chip,  approximately  0.003  in.  long  measured  across  (vertical)  the  race  surface 
appears  to  have  continuous  surface  cracks  and  is  probably  near  the  point  of  breaking  away  from  the  surface. 
The  magnified  view  of  region  A shown  in  the  lower  left  photograph  clearly  shows  that  there  is  an  opening 
from  the  surface  to  a significant  depth  as  shown  in  the  upper  part  of  this  photograph. 

C.  Residual  Stresses 

Several  examples  of  Barkhausen  residual  stress  signatures  will  be  presented  in  this  section. 
Results  obtained  on  inner  races  of  J85-#2  main  shaft  bearings  before  and  after  actual  routine  engine  ser- 
vice have  shown  very  interesting  results.  A typical  set  of  data  are  presented  in  Figure  18.  The  two  upper 
analog  signatures  were  obtained  at  the  gaging  contact  angle  of  28.5  (this  is  near  the  center  of  the  heaviest 
stressed  region  of  the  ball  track  duri-'g  service)  and  at  a similar  location  on  the  nonloaded  half  of  the  inner 
bearing  races.  After  986  hours'  service,  the  signatures  in  the  two  lower  photographs  were  obtained.  On 
the  nonloaded  half,  note  that  the  signatures  are  practically  identical  before  and  after  service.  By  contrast, 
near  the  leading  edge  of  the  analog  signature  on  the  loaded  half,  a pronounced  spike  is  now  observed.  This 
spike  signature  is  interpreted  as  being  a service  induced  decrease  of  the  beneficial  residual  compression 
stresses  which  existed  in  the  bearing  after  manufacture.  Other  information  (26)  reports  an  investigation 
which  shows  that  the  heavy  load  stresses  cause  a subsurface  material  transformation  and  an  associated 
volume  expansion  of  the  transformed  region.  This  increased  volume  creates  a subsurface  tension  region 
located  at  a depth  of  approximately  0,  005  in.  It  is  reasonable  to  assume  that  the  Barkhausen  signature 
spike  is  caused  by  such  a tension  region  on  the  J85  bearing  of  Figure  18.  Additional  investigations  are 
planned  to  confirm  tnis  possibility. 

Barkhausen  signatures  on  new  bearings  (J57-#2  position  inner  races)  are  presented  in  Figure 
19.  Signatures  on  most  of  the  bearings  of  this  type  were  typical  of  those  shown  in  the  two  records  at  the 
left  and  indicate  compression  stresses.  By  contrast,  the  small  spike  on  the  signature  at  the  upper  right 
and  the  large  spike  on  the  signature  at  the  lower  right  are  characteristic  features  indicative  of  undesirable 
conditions  of  residual  stress  in  a new  bearing. 

D,  Subsurface  Flaws  - New  Premium  Quality  Bearings 

Although  the  use  of  premium  quality  consumable  electrode  vacuum  arc  remelt  materials  mini- 
mize the  occurence  of  inclusions,  in  premium  quality  bearings,  occasionally  an  inclusion  is  encountered 
even  in  bearings  fabricated  from  such  materials.  An  example  of  signatures  indicating  subsurface  inclusions 
in  a j85-#2  position  inner  bearing  race  is  presented  in  Figure  20.  Each  record  is  the  magnetic  perturbation 
circumferential  flux  signature  obtained  with  one  complete  revolution  of  the  bearing  race.  The  upper  record 
in  each  set  of  two  records  was  obtained  before  engine  service  and  the  lower  record,  after  945  hours  engine 
service.  Starting  at  the  upper  record,  a prominent  void  polarity  signature  "B"  (well  above  the  surrounding 
background  magnetic  signatures)  is  observed.  After  the  probe  is  indexed  to  the  next  adjacent  scan  track,  a 
second  signature  marked  "A"  is  also  observed,  and  as  the  probe  is  moved  to  the  next  scan  track,  signature 
"A"  is  observed  and  "B"  is  no  longer  obtained.  Analyses  of  these  results  and  other  data  indicate  that  two 
separate  subsurface  inclusions,  each  at  least  0,002  in.  in  diameter  and  located  approximately  0.003  in. 
beneath  the  surface,  exist  in  this  new,  high-quality  bearing.  The  records  obtained  after  service  indicate 
essentially  no  changes  and  this  should  be  anticipated  since  these  records  were  all  obtained  on  the  nonloaded 
half  of  the  split  inner  race.  Based  on  the  resuits  of  extensive  endurance  testing  in  the  laboratory  in  which 
such  signatures  almost  invariably  are  the  initiation  source  of  spalling  type  failures,  it  is  suggested  that  if 
these  signature  regions  had  been  located  in  the  load-track  region  of  the  bearing,  this  bearing  would  have 
failed  in  actual  engine  service.  Further  data  supporting  this  suggestion  are  presented  in  the  next  paragraph. 

During  a screening  inspection  on  a group  of  J57-#4  position  bearing  inner  races  that  had  been 
categorized  "reparable  rejects"  and  in  which  the  Air  Force  "grfeen  tag"  had  indicated  rust  pits,  several 
magnetic  perturbation  printouts  were  obtained  on  the  CIBLE  equipment.  The  printout  obtained  on  bearing 
S/N  493-1  is  shown  in  Figure  21.  Note  that  a single  circumferential  high-flux  density  (CH)  signature  is 
obtained  in  the  load  track  region  (probe  step  0007)  at  an  angular  location  of  4950  counts  from  the  reference 
zero  mark  on  the  bearing  race.  No  radial  flux  signature  is  obtained;  accordingly,  this  is  evidence  that  the 
signature  is  from  a subsurface  source.  Although  several  laser  (LA)  printouts  were  obtained  on  this  used 
bearing  possibly  from  some  of  the  rust  pits,  no  laser  signature  is  coincident  with  the  magnetic  perturbation 
signature;  this  is  additional  evidence  that  the  signature  source  is  subsurface.  Also,  actual  recordings  (at 
two  different  horizontal  axis  expansions)  of  the  signature  are  shown  in  Figure  21.  Such  a well-defined 
symmetrical  signature  is  characteristic  of  those  associated  with  subsurface  inclusions;  analysis  of  the 
peak-to-peak  separation  indicates  the  centroid  of  the  inclusion  to  be  approximately  0,0025  to  0,003  in, 
beneath  the  surface,  and  the  amplitude  indicates  that  the  diameter  of  the  inclusion  is  approximately  0,002  in. 

Since  this  inclusion  signature  occurs  in  the  load  zone  of  this  bearing,  it  was  selected  for  en- 
durance testing  in  the  laboratory.  Accordingly,  the  bearing  was  assembled  and  installed  in  the  endurance 
testing  rig.  After  only  16  hours  running  time,  the  vibration  sensor  on  the  rig  caused  automatic  shut-down 
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of  the  system.  The  operator  restarted  the  machine  and  after  a short  time,  automatic  shut-down  occurred 
again.  The  bearing  was  removed  from  the  rig  and  examination  of  the  disassembled  bearing  indicated  a 
massive  spall  on  the  inner  race  as  shown  in  Figure  22.  A cursory  examination  disclosed  that  the  spall 
was  located  near  the  zero  reference  mark  on  the  bearing  race  and  since  this  was  only  150  counts  from  the 
inclusion  signature  at  4850  counts,  it  appeared  that  the  inclusion  probably  caused  initiation  of  the  spall. 
Subsequently,  a comprehensive  correlation  investigation  confirmed  that  the  inclusion  was  located  in  the 
extreme  leading  edge  of  the  spall  and  this  is  conclusive  evidence  that  the  inclusion  initiated  the  failure. 
Results  of  the  correlation  are  shown  in  Figure  23.  The  width  of  scan  track  0007  is  shown  and  also  the 
precise  location  of  4850  counts  has  been  added  to  the  photograph.  Note  that  this  location  coincides  exactly 
with  the  black  region  indicated  by  the  arrows  and  which  initiated  the  spall.  Other  arrows  indicate  cracking 
in  this  region  of  the  spall.  Although  this  bearing  previously  had  received  approximately  6600  hours  actual 
engine  service,  the  bearing  had  not  failed;  however,  it  is  suggested  that  this  extended  service  had  already 
caused  a network  of  subsurface  cracks  which  may  have  "primed"  the  bearing  for  failure.  Furthermore,  it 
is  reasonable  to  assume  that  if  this  bearing  had  not  been  inspected  using  the  CIBLE  equipment,  it  would 
have  been  reworked  and  subsequently  installed  in  an  engine  (since  the  green  tag  indicated  only  rust  pits  and 
many  bearings  in  such  a category  are  returned  to  service  after  a nominal  rework  in  which  the  rust  is  re- 
moved). Had  this  been  the  case,  undoubtedly  a bearing  engine  failure  would  have  occurred  after  a few  hours 
of  engine  operation.  It  is  also  important  to  emphasize  that  during  the  endurance  tests  the  bearing  did  not 
fail  from  any  of  the  indicated  anomalies,  rust  pits,  which  had  placed  the  bearing  in  the  green  tag  category, 
but  had  failed  from  a flaw  that  was  missed  by  all  of  the  prior  inspections  conducted  from  the  time  the  bear- 
ing was  manufactured. 
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TABLE  L 

AUTOMATED  BEARING  INSPECTION  SYSTEM 

FEATURES 

COMPUTER  SUPERVISED  AND  CONTROLLED  INSPECTION 
RAPID  FIXTURING  CHANGEOVER  FOR  DIFFERENT  BEARINGS 
COMPUTER  SETUP  OF  PARAMETERS  FOR  DIFFERENT  BEARINGS 
COMPUTER  PRINTOUT  OF  SIGNAL  LOCATIONS 
PERMANENT  RECORD  ON  MAGNETIC  TAPE 
DIAGNOSTIC  PRINTOUTS  AND  SAFETY  INTERLOCKS 

SPECIFICATIONS 

INSPECTION  METHODS  CONDITIONS  DETECTABLE  SCAN  PATTERN 

MAGNETIC  PERTURBATION 

RADIAL  FLUX 

• HIGH  FIELD  SURFACE  PITS,  INCLUSIONS, 

• LOW  FIELD  SPALLS  AND  INDENTATIONS 

CIRCUMFERENTIAL  FLUX 

• HIGH  FIELD  SUBSURFACE  INCLUSIONS, 

AND  SPALLS  AND  DEEPER 
SURFACE  ANOMALIES 

• LOW  FIELD  FATIGUE  DAMAGED  REGIONS 

AND  INDENTATIONS 

LASER-SCATTERED  LIGHT  SYNCHRONIZED  SCANS 

SURFACE  ANOMALY  SURFACE  SCRATCHES,  PITS,  I 

SPALLS,  AND  INDENTATIONS  | 

SURFACE  FINISH  RELATIVE  SURFACE  FINISH 

BARKHAUSEN  NOISE 

RELATIVE  SURFACE  AND 
NEAR-SURFACE  RESIDUAL 
STRESS  CONDITIONS 

SERVICE  MODIFICATION  OF 
RESIDUAL  STRESS 


PROGRAMMED  SAMPLING 
0.050  X 0.050- 
INCH  REGIONS 
9 TO  15  LOCATIONS 


0.025-INCH  WIDE 
CIRCUMFERENTIAL 
STRIPS  WITH  20% 
OVERLAP 


12  TO  60  SCANS  PER 
INSPECTION  METHOD 


BarkhftUMa 
Prob*  M»eliMl«m 


MAgnrtic 
Perturbation 
Probe  Mechuai  ant 


B«a  ring 
lAOier  Hftce 


FIGURE  3.  RACE  INSPECTION  UNIT 


Pbl# 


Circitmf«r«iitial 


PECTION  UNIT 


Install  Fixtures,  Load/Unload  Specimens,  Visual  Observation; 
Mount  Microscope,  Rotate  Spindle 
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C - LA  Signatures 


Laser  Scattered  Light  D - LD  (Surface  Finishi 


FLAWS 


Siiir.atur*' 


r - Harkhauscn  Noise  Signature 


r.fi: 

t'  - ra<!;al  flux 
( • V ; ri.  rcntial  flux 

! i - ■ jh  flux  density 
I.  - ■ •.  flux  density 


J05  «.  J 

Signatures  not  printed  are 
below  threshold  settings. 


LA  - laser,  pit  imperfection 

ST  - probe  location  ac  r ss  raie  groove 

IlH  - azimuthal  location  of  signature  Ir  in. 

reference  mark  on  race  ll  rev  'O'lOi 


FIGURE  6.  SIGNATURES  AND  COMPUTER  PRINTOUT  FROM  REFERENCE  COMPONENT 


Sp,*cimon  No.  OM-TJ,  Truck 


FIGURE  7,  CORRELATION  OF  MAGNETIC  PERTURBATION  SIGNATURES  AND  SURFACE 


rUw  Printout  ObUined  During  Automatic 
Magnetic  Perturbation  Inspection 

FLAWS  LEGEND 

TV  STBRSR  R - radial  flux 

RH  0007  2 792  2 792  H • high  flux  density 

ST  - probe  location  across 
race  groove 

BR  - azimuthal  location  of 
signature  from  refer- 
ence mark  on  race 


( 1 Rev  = 5000) 


RH  Signature  @ 0007  - 2792 


M.icmtii'd  (‘'0X>  View  of  Surface  'c.  0007  - J7  ‘J 


FIGURE  9.  SIGNATURE  (RH)  FROM  INDENT  ON  J57-#4  BEARING  (S/N  557V- 1) 
OUTER  RACE  (NEW  BEARING) 


LEGEND 
radial  flux 
high  flux  densif. 
low  flux  density 
• probe  location  across 
race  groove 
- azimuthal  location  >1 
signature  from  refer 
ence  mark  on  race 
( 1 rev  = 50001 


RH  Signature  $ 0005-4405 


Magnified  (SOX)  View  of  Surface  0005-4405 


FIGURE  11.  SIGNATURE  FROM  GRINDING  ARTIFACT  ON  I«:W  BEARING 


FIGURE  12.  SCANNING  ELECTRON  MICROSCOPE  (SEM)  PHOTOGRAPHS  OF  SURFACE 
IMPERFECTION  (REPLICA)  AT  0005-4405,  J57-#2  BEARING  (S/N  704A-1) 


\>rt.  Sens.  20  mV/cm,  Sweep  0.  5 ms  'cm 


\’ 


S.-n.s.  20  mV/cm,  Sweep  0.02^  n.-  i !;■. 


FIGURE  13.  MAGNETIC  PERTURBATION  (CIRCUMFERENTIAL  FLUX)  SIGNATURE  FROM 
VENDOR  REGROUND  BEARING  RACE 
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P/N  l-iOO-Ol5,  Inner  Bearing  Race,  Reworked 
S N 28,  Side  2 (344°) 


SEM  Micrograph  Ragion  A 


SEM  Micrograph  Region  B 


X-Ray  Image 


FIGURE  15.  SEM  VIEWS  SHOWING  CRACKS  AND  X-RAY  FLUORESCENCF 


I-'l.tw  Printout  Obtained  During  Autoiiiat le 
Majtnotic  I’crturbation  Inspection 


Legend 


i LA'.VS 

rv  ST  B R SR 

:-H  iJi504  4858  4871 
CH  k)0(»4  4851  4864 
Rll  0005  4440  4453 
CH  0005  4851  4864 
RL  0004  4858  4871 
RL  0005  4440  4453 
CL  0005  4851  4864 
KND  MP. 


circumferential  flux 
radial  flux 
high  flux  density 
low  flux  density 

- probe  location  across  race  gri)o\e 

- azimuthal  location  of  signaturt' 
from  reference  mark  on  race 
(1  rev  = 5000) 


CH  Signature  @ 0004-4851 


RH  Signature  (&  0004-4858 


Magnified  (lOOX)  View  of  Surface  Showing  the 
Flaw  that  Caused  the  CH  and  RH  Signatures 


FIGURE  16.  COMPUTER  PRINTOUT  MAGNETIC  PERTURBATION  SIGNATURES  (CH  AND  RH) 
AND  FLAW  IN  J57-#2  BEARING  (S/N  B 1274-2)  OBTAINED  ON  VENDOR  REPRO- 
CESSED BEARING  (AFTER  PROCESSING.  BEARING  IS  "ZERO"  TIMED  BY  AIR 
FORCE). 


\\  ('^I'OOX)  of  Region  A 


Magnified  View  (~’600X)  <A  !< 
(SEM) 


FIGURE  17.  SCANNING  ELECTRON  MICROSCOPE  (SEM)  PHOTOGRAPHS  OF  SURFACE 
IMPERFECTION  (REPLICA)  AT  0004-4851,  J57-#2  BEARING  (S/N  B1274-2) 
INNER  RACE  (REWORKED  BEARING) 


FIGURE  19.  TYPICAL  BARKHAUSEN  DATA  ON  NEW  BEARINGS  WITH  UNIFORM  COMPRESSION 
STRESS  (LEFT  COLUMN)  AND  NONUNIFORM  TENSION  STRESS  (RIGHT  COLUMN) 
SIGNATURES 


^ S P 
^IB2  2987 
29P7 
SI  57  2P82 
.7205  29.70 
a 1 70  2P95 
7170  2895 
267*»  2.158 
1028  0751 
4161  .7886 


5 inc 


FIGURE  21.  COMPUTER  PRINTOUT  AND  ASSOCIATED  MAGNETIC  PERTURBATION 
SIGNATURE  (CH)  INDICATING  SUBSURFACE  INCLUSION  IN  J57-#4 
BEARING  S/N  493-1  (BEFORE  ENDURANCE  TEST) 
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CK  0007  4850  4575 


FLAVS 

T 

LA  0000 
LA  7001 
LA  0002 
LA  0002 
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LA  0010 
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CRACK  DETECTION  IN  BOLTED  JOINTS 
by 


Lars  Jarfall 
SAAB-SCANU 

Aerospace  Division*  Dept  FKHU, 

S-581  88  Linkbping 

Sweden 


Ake  Magnusson 

The  Aeronautical  Research  Institue 
of  Sweden  (FFA) 

Box  11021 
S-161  11  BrcMoma 
Sweden 


CRACK  GENERATION 

Fatigue  cracks  were  generated  from  holes  in  sheet  material  by  application  of  fatigue  loading  to  one  hole 
at  a time.  Fig.  1.  From  the  cracked  sheet  material,  a number  of  single  shear  two  row  lap  joints  were  made. 
Fig.  2. 

In  order  to  produce  not^through  cracks  originating  from  the  contemplated  faying  surface  following  measures 
were  taken: 

a)  By  means  of  a fixture  a static  bending  corresponding  to  about  0.45  was  superimposed. 

b)  The  pin  for  application  of  the  local  fatigue  loading  was  conical  causing  a very  non  uniform  bearing 
through  the  depth  of  the  hole.  ^ 

About  2 * 10^  load  cycles  of  (2.5  ~ 2.0)  kN  produced  two  opposite  cracks  with  about  15  nn  tip  to  tip  distance 
In  the  seven  hole^pitches  wide  sheets,  cracks  were  generated  from  all  seven  holes  or  from  one  edge  hole  or 
from  one  center  hole.  Fig.  3.  After  redrilling,  reaming  and  countersinking,  lap  joints  were  made  by  installa- 
tion  of  6 mm  steel  bolts  into  the  2.5  mm  2024-T3  clad  and  anodized  sheet  material. 


INSPECTION  FOR  CRACKS 


Prior  to  a residual  strength  testing,  the  lap  joints  were  subjected  to  nondestructive  testing  (NDT).  Inspect 
tors  from  three  aircraft  operators  were  employed  to  detect  fatigue  cracks.  None  of  the  cracks  was  visible 
from  the  outside  of  the  joint.  Fig.  2*  No  disassembly  was  allowed. 


From  the  very  beginning  all  inspectors  selected  the  ultrasonics  method  to  be  the  most  suitable.  The  inspec- 
tors  no* 1 through  3 made  the  search  from  the  csk-side,  while  no*4  made  the  search  from  the  faying  surface. 
The  heads  of  the  steel  fasteners  made  the  X*ray  method  inefficient  for  short  cracks.  For  comparision,  how* 
ever,  one  complete  X^ray  examination  was  carried  out.  Trials  with  the  Eddy  Current  method  gave  about  50  X 
success  compared  with  the  ultra  sonics.  In  particular  cracks  growing  from  an  edge  hole  towards  the  free 
edge  were  difficult  to  detect  with  Eddy  Current.  The  Eddy  Current  application  was  not  opptimized. 


Fig.  4 shows  the  result  of  one  NDT  examination.  The  actual  specimen  numbering  had  no  relation  to  the  cracking 
pattern,  i.e.  was  all  different  from  the  numbering  in  fig  4.  In  fig  5 the  results  from  the  complete  exami* 
nation  are  summarized.  The  efficiency  of  the  X*ray  method  is  very  inferior  to  the  ultrasonics.  The  good  effi* 
ciency  of  the  ultrasonics  method  is  still  more  evident  from  the  crack  length  measurements  according  to  figx  6 
The  ability  to  detect  small  cracks  is  visualized  by  fig.  7.  Although  one  crack  with  an  area  of  only  0.5  mm^ 
was  detected  by  two  inspectors,  another  crack  as  big  as  9 on^  was  missed  by  three  inspectors. 


In  addition,  an  NDT*specialist  with  experience  from  the  field  of  civil  engineering  only,  was  given  the  oppor* 
tunity  to  inspect  these  same  specimens.  H'  'elected  the  X*ray  method  and  did  not  find  a single  crack.  His 
result  is  not  included  in  fig.  5. 
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12  specimens  with  l68  possible  crack  locations  examined 
by  each  inspector. 

Fig.5  Survey  of  NDT-results 


0 = Correct  determina- 
tion for  location 
without  crack 

D = Correct  detection 
of  crack 

N = Crack  not  detected 

X = Crack  believed  to 
exist  at  location 
without  crack 
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measured  on  the  faying  surface  of  the  broken  specimen 
Fig.6  Crack  lengths  measured  by  ultra  sonics 
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Ounng  the  second  part  of  Session  II,  there  were  four  presentations  on  four  very  different  topics, 
these  presentations  is  almost  impossible,  but  separate  comments  have  been  made  on  each  of  them. 


A synthesis  of 


tion  fNDII^’^nnfoTt®  n*"!  acoustical  methods  used  in  non-destructive  inspec- 

tion  (NDI).  Unfortunately,  we  learn  from  other  specialists  that  acoustical  methods  have  not  yet  found  many  practical 

the  taTir  « wenTmore  ^DI  of  bonded  structures,  where  tests  as  simple  as 

tne  tap  test,  as  well  as  more  elaborate  equipment  using  the  principles  of  sonic  resonance,  are  used. 

equipment*  An  e?arnL“’“in”lh‘'"*'*’  “ *>uman  ear  was  a better  receptor  than  more  sophisticated 

fi  the  engine  workshop  we  had  to  inspect  compressor  vanes  and  shrouds.  The  inspection  was 

over  Ih  H fT  penetrant  but,  before  dipping  the  part  into  the  penetrating  oil,  the  inspectors  used  to  knock  gently 

3s  we  r ‘he  pitch  of  theSund  was  different  Se 

their  e3  ‘'““>'”a‘e  the  process  with  electro-acoustical  equipment.  But  finally,  the  inspectors  prefer  to  rely  on 

of  ‘h®  f“h-scale  fatigue  tests  performed  at  the  demand 

of  aircraft  manufacturers.  As  Mr  SchOtz  points  out,  NDI  and  associated  measures  cause  very  high  costs  because  of  the 

determine  the  fatigue  cntical  locations  and  the  crack  propagation  behaviour  of  the  critical  components  From  this  data 
mlTd**  T tequirements.  location  of  rone  to  inspect  -Tost  effiS  NDI 


‘he  simulated  fatigue  test,  the  manufacturer  will  send  out  a service  buUetin  which 
imposes  an  inspection  campaign  which  may  be  associated  with  a part  replacement  campaign. 

ActuSTTh^^TeTor  33^7*“  his  income  tax  return  form. 

nn«^ki  ^ c ^ ^ ^ cracking  problems  at  all,  so  no  NDI  (or  at  least  to  have  the  smallest 

posMble  amount  of  NDI  work  to  do,  that  is  to  say , as  long  a period  of  time  as  possible  between  inspections)  Now  if 
^ese  campaigns  are  unavoidable,  operators  would  prefer  to  have  centralised  inspection  programmeTf  sub-Lembiies 
so  as  to  avoid  different  inspection  campaigns  at  different  times.  assemoiies, 

mentTthuTr“\"°*  least,  Mtcraft  operators  would  appreciate  a beter  standardisation  of  NDI  methods.  Many  improve- 
ments  in  this  direction  have  been  performed  by  engine  manufacturers,  who  are  now  designing  their  engines  witt  adS^ate 
openings  which  facilitate  inspection  work  with  a borescope  or  a gamma-graphic  radioacTe  source  ^ 

n,..rh*^*  devoted  to  the  NDI  of  bearings.  Communications  about  this  topic  are  rather  unusual  In  fact 

techTue  r“i  ? ^""8  ‘he  '“t  yea«.  « the  manufacturing  stage,  to  develop  sophisticated  inspection 

techniques.  ]^t  not  much  has  yet  been  published.  Moreover  the  aircraft  operators  do  not  know  very  much  about  these 
techniques.  T^ey  are  still  using  the  same  old  system  that  the  Dutch  were  already  using  in  the  XVIIlrt  century  for  the 
inspection  of  their  windmills'  roller  bearings;  that  is,  visual  inspection. 

A short  anecdote,  about  an  incident  which  happened  in  1977,  will  illustrate  the  subject. 


A main  bearing  of  a JT8  engine  had  to  be  inspected.  The  type  of  inspection  to  be  carried  out  was  a simple  dimen- 
sional and  visual  check.  The  inspector  removed  the  cover  of  the  bearing,  looked  at  the  visible  part  of  the  cage  and  noticed 
nothing.  The  bearing  was  accepted.  But  in  the  meantime,  it  turned  out  that  inspectors  disassembling  the  engine 
discovered,  in  a dram  of  the  engine  oil  circuit,  some  copper  particles.  These  particles  were  sent  to  the  laboratory;  the 
chemical  analysis  disclosed  that  the  particles  were  made  of  the  same  alloy  as  the  cage  of  the  main  bearing. 

According  to  this  discovery,  the  main  bearing  was  completely  taken  apart  and.  when  the  interior  part  of  the  cage 
becwe  visible,  it  turned  out  that  the  cage  surface  had  been  locally  worn  by  the  balls.  The  wear  was  such  that  the  bearing 
could  still  have  been  used  for  sometime  without  any  trouble.  But  before  the  next  overhaul,  the  engine  would  surely  have 
expenenced  an  in-flight  shut  down. 

This  anecdote  shows  that  there  is  still  work  to  be  done  in  the  field  of  bearing  inspection,  especially  in  the  mainte- 
nance field.  The  CIBLE  program  is  an  interesting  approach.  Another  approach  would  be  chemical  analysis  of  oil  and 
filter  particles. 

Progress  in  the  NDI  of  bearings  could  save  an  aircraft  operator  a lot  of  money,  especially  in  the  field  of  small 
bearings,  which  are  often  scrapped  after  one  run,  because  of  the  lack  of  information  on  their  reliability. 

In  the  fourth  paper,  by  Mr  Jarfall,  we  find  some  very  interesting  statements,  which  can  open  the  discussion  about 
the  training  and  qualification  of  NDT  personnel. 

A comparison  is  made  between  different  NDT  techniques  and  different  inspectors,  for  a particular  type  of  fatigue 
crMk.  In  this  instance,  ultra-sonics  were  found  the  most  suitable  method.  Would  this  be  true  in  another  country  with 
differently  trained  inspectors?  What  would  happen  with  another  material  and  another  type  of  crack;  stress  corrosion  for 
instance? 


1 would  particularly  appreciate  having  Mr  Bond’s  comments  about  his  experience  of  NDT  training  at  B.A. 
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DISCUSSION  SUMMARY 
Session  II  — Part  2 


E.M. Uygur  (TU) 

I wish  to  add  some  comments  to  my  paper,  and  I would  like  to  add  to  Mr  Van  Averbeke’s  comments.  Although 
the  lateral  frequency  of  the  specimens  is  really  beyond  the  audible  range,  this  difficulty  has  been  overcome  by  the 
use  of  suitable  electronic  instrumentation.  The  rate  at  which  the  sound  intensity  of  a vibrating  specimen  decreases 
is  a characteristic  of  the  condition  of  the  material,  and  the  unaided  human  ear  can  determine  differences  as  large  as 
20%  in  the  decay  time. 

In  recent  years  some  commercial  instruments  have  been  produced  for  the  dynamic  testing  of  materials,  and  I would 
like  to  point  out  that  dynamic  testing  presents  a unique  spectrum  of  applications  from  the  microscopic  to  the 
macroscopic.  Using  dynamic  techniques  we  can  calculate  the  dislocation  intensities,  we  can  detect  foreign  atoms 
near  dislocations,  clusters  of  foreign  atoms  in  the  material  and  precipitates  in  the  material,  we  can  investigate  the 
grain  boundaries  and  grain  size,  we  can  determine  the  average  grain  size  in  a polycrystalline  material,  we  can  detect 
sub-microscopic  cracks  and  in  large  assemblies  we  can  detect  flaws.  Finally,  in  very  large  structures  such  as  an 
aircraft,  I think  we  may  be  able  to  find  certain  defects  using  the  same  dynamic  testing  method. 

In  view  of  the  discussions  and  criticisms  I have  heard  in  this  conference,  I would  like  to  say  that  the  development  of 
new  and  more  effective  techniques  of  inspection  are  needed  and  I suggest  here  that  dynamic  testing  be  applied  to  the 
complete  aircraft.  A full  scale  aircraft  could  be  tested  periodically  after  a given  period  in  service  instead  of  going 
rivet  by  rivet  from  one  critical  part  of  the  aircraft  to  another.  One  has  to  excite  the  aircraft  by  sonic  or  ultrasonic 
vibrations,  so  that  one  can  either  measure  the  natural  frequencies  of  certain  parts  or  calculate  the  damping.  In  this 
way  one  can  compare  a service  aircraft  against  a standard  which  has  not  been  in  service.  Normal  laboratory  equip- 
ment can  generally  be  used  for  this  purpose.  The  only  problem  is  that  strong  vibrators  are  needed  for  full  scale 
dynamic  tests. 

R.J.Schliekelmann  (NE) 

After  25  years  of  experience  in  vibration  and  resonance  testing,  I agree  only  with  a small  part  of  what  Dr  Uygur  has 
said.  A great  many  parameters  influence  the  resonant  frequency  of  structures.  If  you  know  that  only  one  parameter 
is  present,  then  you  can  draw  a conclusion,  but  if  many  parameters  at  the  same  time  are  present,  then  you  are  unable 
to  do  so. 

C. P.Galotto  (IT) 

I would  like  to  speculate  for  a little  while  on  the  philosophy  of  NDl.  If  we  consider  a specimen  to  be  a system  into 
which  some  form  of  energy  is  introduced,  then  we  measure  the  output  energy  (which  is  not  necessarily  homogeneous 
with  the  input  energy)  and  this  must  be  correlated  somehow  with  the  engineering  properties  which  one  seeks  to 
control.  These  properties  can  include  crack  size,  stress  concentrations,  hydrogen  content  and  so  on. 

In  our  discussions  I have  heard  talk  of  microscopic  defects  like  a mismatch  of  atoms,  clusters  of  point  defects  or  the 
density  of  network  dislocations.  Unless  we  can  see  the  correlation,  if  any  exists,  between  the  modification  of  this 
microscopical  property  and  the  macroscopical  engineering  properties,  then  I think  we  are  still  at  the  stage  of  NDl 
development.  In  other  words,  we  are  still  disregarding  the  point  of  view  of  the  designer  and  the  materials  manufac- 
turer, although  it  was  the  intention  of  this  meeting  to  correlate  the  needs  of  the  design  engineer  and  the  manufacturer 
with  the  possibilities  in  the  field  of  NDl. 

D. Kirk  (UK) 

I would  like  to  know  who  is  misleading  whom  with  respect  to  ball  bearings.  I have  been  given  the  impression  that 
the  inspection  of  bearings  is  only  slowly  coming  out  of  the  dark  ages,  and  yet  my  experience  of  bearing  manufac- 
turers is  that  they  use  sophisticated  techniques  for  inspection.  They  put  controlled  levels  of  residual  stress  into  the 
bearings,  and  they  look  at  the  metallurgical  structure  with  particular  respect  to  those  phases  which  might  alter  the 
dimensional  stability. 

A Speaker 

I would  like  to  answer  your  point  regarding  the  dark  ages.  This  comment  was  concerned  with  the  maintenance  of 
bearings  in  an  engine  and  not  with  their  manufacture,  and  there  is  a big  difference  between  these  two  aspects. 

P.Pizzi  (IT) 

With  reference  to  ball  bearings,  I would  like  to  point  out  that  FIAT  have  developed  NDl  methods  during  the  past 
two  years  for  observing  wear  particles.  This  is  achieved  by  examining  the  shapes  and  concentration  of  wear  particles, 
and  is  a very  interesting  non-destructive  test  of  destructive  particles. 
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R J.E.GIenny  (UK) 

May  I ask  Mi  Smith  whether  the  techniques  which  he  has  described  have  reached  the  stage  where  they  can  be 
adopted  by  the  bearing  vendor? 

R.T. Smith  (USA) 

That  is  not  the  case  yet.  The  programme  is  a little  beyond  the  construction  of  the  hardware  to  enable  us  to  collect 
data  which  should  eventually  lead  to  the  interpretation  of  the  signal. 

M.  Van  Averbeke  (BE) 

1 would  like  to  hear  the  comments  of  Mr  Bond  on  the  paper  presented  by  Dr  Jarfall,  and  to  learn  what  he  thinks 
about  the  difference  techniques  of  inspection  for  fatigue  cracks. 

A.R.Bond  (UK) 

There  has  been  a considerable  amount  of  work  into  the  likelihood  of  detection  of  defects.  What  we  would  like,  of 
course,  is  to  be  sure  of  100%  detection  every  time.  Now  the  likelihood  of  100'.^  detection  depends  upon  the  man’s 
training,  his  age,  his  experience,  his  education  level  and  so  on.  In  the  USA  they  have  found  that  it  does  not  make 
the  slightest  bit  of  difference  if  the  inspectors  have  3 weeks  training.  3 years  training,  how  old  they  are  or  what  sex 
they  are,  but  we  have  had  a look  into  this  and  we  find  that  if  a man  is  very  highly  educated  the  detection  rate  is  also 
very  high.  Now  where  do  you  find  your  NDT  men?  Do  you  take  them  straight  from  the  workshop  floor,  or  off 
the  street,  or  do  you  employ  them  when  they  come  out  of  high  school,  when  they  come  out  of  technical  college, 
when  they  come  out  of  university  or  when  they  have  received  their  PhD?  This  is  what  the  detection  rate  depends 
on. 


In  the  USA,  where  they  have  a poor  detection  record  among  the  inspecting  organisations,  they  intend  to  improve 
their  record  by  automation.  The  other  way  to  do  it  may  be  to  take  a man  with  a low  education  level  and  give  him  a 
good  training,  but  it  is  absolutely  no  use  giving  him  a certificate  unless  you  are  prepared  to  do  a certain  amount  of 
re-training.  Once  upon  a time  you  could  only  detect  corrosion  when  the  component  was  almost  completely  failed, 
possibly  by  detecting  a bulge  in  the  outer  surface.  Then  along  came  radiography  and  the  detection  rate  improved; 
two  years  later  low  kV  radiography  was  introduced,  but  when  eddy  current  techniques  came  along,  1%  corrosion 
could  be  detected.  If  we  are  going  to  certificate  men  once  a year  or  once  every  two  years,  then  they  will  be  out 
of  their  depth  because  technology  will  have  run  away  from  the  education  level  the  man  started  at.  I do  not  agree 
that  the  certificate  should  last  for  ever.  We  make  sure  that  the  inspector  actually  uses  the  techniques;  if  he  does  not, 
we  remove  his  approval  for  that  particular  method  of  NDI. 

C.P.GaJotto  (IT) 

1 would  like  you  to  explain  why  a PhD  used  as  an  inspector  does  not  get  tired  or  bored  and  thus  misses  defects  in 
some  important  place. 

A.R.Bond  (UK) 

Given  just  one  task,  I would  not  expect  a highly  educated  inspector  to  miss  any  defects.  But  if  the  inspector  is  a 
man  from  a shipyard  who  is  only  used  to  welded  structures,  he  would  fail  completely  to  inspect  an  aircraft  structure 
properly. 

C.P.Galotto  (IT) 

The  purpose  of  automation  in  NDI  is  to  make  a complete  test  of  all  the  components  which  have  to  be  inspected,  and 
to  avoid  subjective  judgements.  Again  I do  not  understand  why  a PhD  is  better  than  the  man  in  the  street. 

C.W.Hope  (UK) 

It  is  well  known  that  Mr  Bond  and  I agree  on  a lot  of  things  but  it  is  also  known  that  I call  his  philosophy  poppy- 
cock in  this  case.  I am  very  concerned  about  operator  fatigue,  and  I would  like  to  ask  how  many  of  us  (in  view  of 
the  fact  that  we  have  a dinner  tonight)  would  be  able  to  carry  out  an  intensive  inspection  at  9 o'clock  tomorrow 
morning. 

L.Jarfall  (SW) 

I think  that  the  structural  designer  and  the  fatigue  expert  also  have  a great  responsibility  in  relation  to  the  success 
of  NDI.  If  the  designer  does  not  tell  the  NDI  people  where  to  look,  then  the  inspection  will  never  be  successful, 
since  one  cannot  look  everywhere.  I think  too  little  has  been  said  about  this  problem;  perhaps  it  should  be  discussed 
by  the  fatigue  experts  rather  than  by  us,  but  I feel  that  the  problem  should  be  pointed  out. 
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SUMMARY 

The  defects  which  occur  in  composites  often  have  no  metallic  equivalent  and  their  effect  on  the 
mechanisms  of  fracture  are  less  clearly  understood.  Also  the  response  of  composites  to  established  NDI 
techniques  has  only  recently  started  to  be  investigated.  There  is  therefore  a need  to  develop  methods  of 
finding,  and  quantifying,  these  defects  and  then  to  investigate  their  effect  on  the  mechanical  performance, 
so  that  suitable  acceptance  standards  can  be  set. 

Attention  is  concentrated  upon  fibre  reinforced  plastics  with  particular  reference  to  CFRF  (carbon 
fibre  reinforced  plastics).  The  capabilities  and  limitations  of  various  techniques  are  briefly  reviewed. 
Rather  than  review  the  various  defects  that  can  occur  and  the  wide  range  of  NDI  techniques  that  have  been 
employed  to  find  them,  attention  is  concentrated  on  those  features  that  appear  to  the  author  to  be  of 
greatest  practical  interest.  Difficulties  in  transferring  laboratory  techniques  to  prototype  and  produc- 
tion structural  components  are  discussed  and  problem  areas  reviewed.  Finally  consideration  is  given  to 
the  role  of  acoustic  emission. 


1 . INTRODUCTION 

In  order  to  guarantee  the  airworthiness  of  an  aircraft  it  is  necessary  to  be  able  to  identify  the 
defects  which  may  be  present  in  structural  components  and  the  importance  of  this  cask  has  motivated  several 
significant  developments  in  Che  NDI  field.  The  current  trend  towards  a damage  tolerant  design  philosophy 
places  even  more  importance  on  accurate  NDI  because  it  requires  the  NDI  technique  to  be  able  to  guarantee 
Co  find  a given  defect  with  a specified  probability  and  degree  of  confidence  and,  having  detected  it,  to 
be  able  to  characterise  it  in  such  a way  Chan  its  effect  on  the  structural  performance  can  be  determined. 
The  extent  Co  which  the  available  NDI  techniques  are  achieving  this  end  for  metallic  structures  will  be 
discussed  in  a number  of  papers  at  this  Conference;  it  is  probably  fair  to  say,  however,  that  with  metallic 
materials  our  knowledge  of  Che  fracture  process  is  such  chat  we  can  usually  stipulate  what  type  and  size  of 
defect  is  acceptable  in  a given  situation.  Shortcomings  certainly  exist  in  our  ability  to  detect  and 
characterise  such  defects,  but  there  is  a large  background  of  accumulated  information  and  expertise  on 
which  we  may  draw.  Also  developments  in  structural  NDI  outside  the  aerospace  field  are  usually  concerned 
with  metallic  materials  and  there  is  a useful  interchange  of  ideas. 

For  composite  materials,  however,  the  form  of  defect  is  often  entirely  different  and  the  mechanisms 
of  the  fracture  process  are  more  complex.  The  result  of  this  is  Chat  Che  effect  of  the  various  defects  on 
the  mechanisms  of  fracture  are  at  present  less  clearly  understood.  In  addition  the  response  of  composite 
materials  to  Che  established  NDI  methods  has  only  been  seriously  investigated  comparatively  recently,  and 
some  inadequacies  have  clearly  been  revealed.  It  should,  however,  be  emphasised  that  NDI  methods  must  not 
be  studied  in  isolation,  because  the  fundamental  need  is  for  the  user  to  be  able  to  differentiate  between 
Chose  defects  which  are  potentially  detrimental  to  the  performance  of  the  structure  and  Chose  which  may  be 
ignored  with  equanimity.  In  order  to  achieve  this  it  is  necessary  to  ensure  good  collaboration  between 
the  design,  fabrication,  NDI  and  mechanical  or  structural  testing  groups. 

Now  the  term  composite  materials  embraces  a wide  range  of  materials  having  very  different  mechanical 
properties;  in  this  paper  however,  we  are  concerned  with  aircraft  structural  applications  and  this  mainly 
limits  consideration  to  epoxy  resins  reinforced  with  boron,  carbon  (graphite)  or  glass  fibres.  Boron- 
epoxy  has  received  little  attention  in  Che  UK  and,  although  there  has  been  a large  amount  of  work  on  it  in 
the  USA,  economic  factors  suggest  that  there  also  CFRP  will  predominate  for  the  majority  of  future  applica- 
tions. GRP  (glass  fibre  reinforced  plastics)  have  tended  to  be  used  for  secondary  structure  for  which  less 
stringent  quality  control  is  required.  There  is  however  the  important  application  to  helicopter  rotor 
components.  Attention  in  this  paper  will  therefore  be  concentrated  on  CFRP  but  reference  will  be  made  to 
GRP  where  appropriate. 

There  have  been  many  excellent  reviews  of  the  various  defects  Chat  can  be  found  in  composite 
materials  and  of  the  wide  range  of  NDI  techniques  that  have  been  employed  in  an  accempc  Co  find  them^~^. 
This  paper  will  not  attempt  to  summarise  these  but  will  instead  concentrate  on  those  features  chat  appear 
to  the  author  to  be  of  greatest  practicsl  interest. 

2.  TYPES  OF  DEFECT 

In  this  section  it  will  be  assumed  that  the  defects  considered  are  those  arising  as  a result  of  the 
fabrication  process  or  chose  that  develop  in  service.  Poor  mechanical  performance  can  of  course  arise  as 
a result  of  poor  quality  raw  materials  and  NDI  techniques  do  have  a part  to  play  here  in,  for  example, 
infra-red  analysis  of  the  resin.  The  majority  of  tasting  at  this  stage  is  however  essentially  destructive 
and  batch  certification  procedures  inevitably  involva  mechanical  tests  on  samplas  of  the  material  in  its 
fabricated  form.  Similarly  NDI  procedures  may  be  applied  as  part  of  tha  process  control  procedure  during 
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the  fabrication  process.  These  procedures  would  include  such  things  as  the  use  of  eddy  currents  to  monitor 
the  thickness  of  adhesive  priming  coatings  on  metallic  substructure^  and  the  use  of  back  lit  tables  for 
improved  visual  inspection  during  lay-up. 

2.1  Fabrication  defects 

There  are  many  ways  in  which  a composite  can  depart  from  a perfect  state  and  the  definition  of  a 
'defect'  must  be  to  some  extent  arbitrary,  since  features  which  are  quite  acceptable  in  one  application 
may  cause  severe  degradation  in  another.  Nonetheless  with  CFRF  there  are  a number  of  features  which  have 
been  identified  as  potentially  detrimental  to  the  mechanical  strength.  These  are  listed  below  and  it  may 
be  seen  that  some  of  the  defects  (I,  2,  3,  6,  7)  can  occur  in  any  type  of  CFRF  fabrication,  whilst  the 
remainder  is  specific  to  components  laid  up  from  individual  plies  of  'pre-preg'.  These  are  sheets  of 
partially  cured  resin  containing  a uniform  distribution  of  unidirectionally  aligned  fibres. 

1 void  content  (porosity) 

2 state  of  cure  of  the  resin 

3 condition  of  the  fibre-matrix  interface 

4 delaminations 

5 tranalaminar  cracks 

6 foreign  inclusions 

7 fibre  volume  fraction 

8 fibre  alignment  within  a ply 

9 orientation  and  lay-up  order  of  the  plies 

10  ply  end-butt  joints 

11  overlap  or  lack  of  side-butt  between  plies. 

All  the  factors  listed  above  acting  singly  or  in  combination  can  affect  the  structural  performance 
of  a component.  However  the  extent  to  which  any  combination  of  defects  will  prove  detrimental  is  governed 
by  the  geometry  (including  lay-up  order)  of  the  structure,  the  exact  location  and  orientation  of  the 
defects,  the  nature  of  the  applied  stress  field  and  the  environment  in  which  the  component  is  required  to 
operate.  There  is  unfortunately  a serious  lack  of  information  on  such  factors.  The  NDI  specialist  there- 
fore tends  to  concentrate  on  those  defects  that  he  can  find. 


2.2  Bonding  defects 

As  with  metallic  structures  most  composite  aircraft  structures  are  fabricated  from  a series  of 
components  and  although  it  is  proving  increasingly  feasible  to  use  conventional  mechanical  fasteners  a 
large  number  of  components  are  built  up  by  the  use  of  adhesive  bonding.  These  bonds  may  be  between 
composite  and  composite,  composite  and  metal,  or  composite  and  sandwich  core  material.  In  a few  instances 
the  adhesive  bond  may  only  be  acting  as  a filler  and  have  little  structural  significance  but  in  most  cases 
the  integrity  of  the  bond  is  as  important  as  the  integrity  of  the  composite  material  itself.  The  current 
state-of-the-art  of  aircraft  adhesives  has  been  reviewed  by  Cotter  and  Hockney*^.  A comprehensive  list  of 
possible  bond  defects  has  been  compiled  by  Shelton^,  but  for  NDI  purposes  they  may  usefully  be  categorised 
more  briefly  as  follows. 

(1)  Adherend  geometry 

This  includes  incorrect  shaping  of  the  adherends  causing  variations  in  the  gap  to  be  bridged  by  the 
adhesive,  inclusion  of  foreign  bodies  and  damaged  or  incorrectly  assembled  core  material. 

(2)  Adherend  preparation 

This  covers  the  use  of  the  wrong  mechanical  or  chemical  surface  preparation  procedure  or  subsequent 
contamination. 

(3)  Adhesive  geometry 

This  includes  absence  of  adhesive,  extra  adhesive  layers,  gaps  and  small  inclusions. 

(4)  Adhesive  condition 

This  covers  the  use  of  an  incorrect  adhesive,  incorrect  cure  procedure,  resin  used  beyond  its  shelf 
life  etc. 

(5)  Interface  condition 

This  may  vary  from  a gross  defect  such  as  Che  presence  of  an  unremoved  release  paper  to  the  gradual 
weakening  of  an  interface  by  the  preferential  migration  of  moisture. 

The  effect  of  the  above  categories  of  defect  is  to  reduce  either  Che  cohesive  strength  (ie  the 
inherent  strength  of  the  adhesive  itself)  or  the  adhesive  strength  (le  the  strength  of  the  bonds  across  the 
interface  between  the  glue  line  and  the  adherend).  NDI  procedures  can  often  detect  or  even  quantify  changes 
in  the  above  parameters,  but  it  will  be  seen  later  that  there  is  some  difficulty  in  relating  such  changes 
to  the  structural  performance. 

2.3  Defects  arising  from  in-service  and  environmental  damage 


In-servica  damage  is  caused  principally  by  static  overload,  impact  or  fatigue,  although  other 
mechanisms  such  as  creep  and  overheating  are  possible.  This  damage  may  take  a niasbar  of  forms  varying 
from  microscopic  failures  such  es  fracture  or  buckling  of  the  fibres,  throu^  interface  failure  and  matrix 
cracking,  to  macroscopic  events  such  as  delaminations  and  visible  cracks.  There  are,  in  addition,  the 
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changes  in  material  properties  caused  by  the  environment  in  which  the  aircraft  is  required  to  operate. 
Damage  from  lightning  or  bird  strikes,  rain  or  hail  erosion  and  the  impact  of  debris  on  rough  runways  can 
occur  with  varying  degrees  of  severity.  Less  obvious  but  equally  important  is  the  ingress  of  moisture 
caused  by  exposure  to  hot  moist  atmospheres  for  long  periods  and  contamination  with  fluids. 

Evidence  to  date  based  on  composites  with  epoxy  resin  matrices^ ^ suggests  that  most  of  the  fluids 
connonly  found  in  aircraft  such  as  hydraulic  fluids,  fuel  and  lubricants  have  only  a minor  effect  on  the 
material  performance;  the  composites  were  however  not  under  stress  ^en  exposed  to  these  fluids.  It  has 
been  demonstrated,  however,  that  they  can  produce  a degradation  in  the  properties  of  some  adhesive  bonded 
joints,  although  this  degradation  is  in  fact  significantly  less  than  that  which  can  arise  due  to  moisture 
ingress.  It  is  rather  disturbing  to  find  that  some  of  the  fluids  used  in  NDI  can  themselves  cause  such 
degradation.  Quite  recently  the  skin-to^core  bond  was  checked  on  a cotq)onent  having  a CFRF  skin  and  a 
'Nomex'  core;  neoprene  rubber  loading  pads  had  previously  been  bonded  to  the  outside  of  the  skin  using  an 
acrylonitrile  adhesive.  Two  separate  NDI  techniques  were  employed  each  one  using  a different  couplant. 
First  the  Fokker  Bond  Tester  was  used  with  a commercial  ethylene  glycol  based  anti-freeze  as  couplant  and 
then  this  was  wiped  off  and,  some  weeks  later,  a little  machine  oil  was  used  to  couple  an  ultrasonic 
contact  probe.  It  was  later  noticed  that  some  of  the  loading  pads  had  become  detached  and  subsequently 
investigations  showed  that  whilst  either  fluid  acting  alone  was  comparatively  harmless  a combination  of 
the  two  could  cause  severe  degradation  of  the  adhesvie  bond  attaching  the  loading  pads  to  the  skin. 

. . . 1 3 

The  effect  of  moisture  ingress  continues  to  cause  concern  in  many  composites  ; not  only  does 

moisture  migrate  along  the  fibre-matrix  interface  and  weaken  the  interface  bond,  but  it  also  diffuses 
through  the  resin  itself  and  the  rate  of  diffusion  is  much  increased  if  voids  are  present.  The  use  of 
protective  coatings  can  only  delay,  but  cannot  stop,  this  process.  The  usual  environmental  changes 
encountered  in  service  have  no  effect  on  a dry  composite,  but  once  moisture  is  absorbed  significant  damage 
can  occur  and  the  moisture  uptake  is  increased.  This  damage  arises  because  the  entrapped  moisture  can 
freeze  at  low  temperatures  or  vaporize  at  the  high  temperatures  encountered  during  a supersonic  dash.  It 
can  be  seen  therefore  that  there  is  a clear  need  to  monitor  the  degree  of  moisture  absorption.  Water 
ingress  on  a macroscopic  scale  can  also  cause  problems,  especially  with  honeycomb  constructions;  this 
problem  Is  not  however  unique  to  composites. 

Much  the  same  situation  arises  with  adhesive  bonded  joints  between  composites,  the  adhesive  bond  line 
being  somewhat  similar  to  a resin  rich  layer.  Not  a great  deal  has  so  far  been  published  on  the  mechanisms 
involved  but  it  is  clear  that  ooisture  absorption  will  degrade  the  quality  of  the  bond^^.  In  metal-to- 
metal  bonds  moisture  diffuses  through  the  polymer  but  tends  to  migrate  preferentially  to  the  interface  and 
to  interact  with  the  oxide  surface  finish  to  form  a hydrated  oxide  which  has  poor  cohesive  properties.  The 
result  of  this  is  to  form  points  of  weakness  at  the  interface  which  can  result  in  corrosion  crevices  which 
fill  with  water.  The  seriousness  of  this  problem  for  some  adhesives  can  be  illustrated  by  the  fact  that  a 
series  of  epoxy  polyamide  adhesive  joints  under  moderate  stress  in  hot  wet  conditions  all  failed  within 
two  years.  It  seems  reasonable  to  assume  that  compos ite-to-metal  joints  will  suffer  in  much  the  same  way. 

3.  NDI  TECHNIQUES 

Many  of  the  techniques  used  on  metallic  materials  also  have  some  application  to  coiiq>osites  and  these 
have  been  sunaarised  in  a convenient  form  by  Shelton^;  the  author  has  also  presented  a brief  general  review 
elsewherc^^.  In  this  section  therefore,  rather  than  review  them  again  technique  by  technique,  a number  of 
problem  areas  will  be  considered  and  practical  difficulties  in  applying  quantitative  NDI  will  be  discussed. 

3.1  Inspection  of  sheet  material 

The  simplest  and  most  widespread  aerospace  application  of  CFRP  is  in  the  form  of  sheet  material  for 
the  skins  of  a number  of  different  cosiponents  varying  from  control  surfaces  to  engine  pods.  These  skins 
are  multi-laminate  angle-ply  fabrications  with  a varying  number  of  laminates. 

A great  deal  of  the  NDI  development  has  been  done  on  composite  material  in  this  form  and  attention 
will  therefore  be  concentrated  upon  it.  The  limitations  that  more  complex  forms  of  construction  impose  on 
the  capability  of  NDI  will  be  discussed  later.  It  should  also  be  noted  that,  although  many  of  the  early 
components  were  fabricated  by  moulding  the  sheet  material  to  the  required  shape  and  then  bonding  the  fully 
cured  sheet  to  the  required  substructure,  there  is  a growing  tendency  for  the  curing  of  the  composite  and 
of  the  bonded  joint  to  be  effected  in  a single  operation.  This  inevitably  makes  the  inspection  more 
difficult  to  carry  out  and  in  general  reduces  the  accuracy  obtainable. 

3.1.1  Ultrasonic  inspection  techniques 

The  technique  which  has  proved  to  be  most  generally  useful  in  this  application  is  ultrasonic  inspec- 
tion. The  easiest  way  of  assessing  material  quality  is  to  scan  the  sheet  and  to  measure  the  attenuation 
induced  into  an  ultrasonic  beam  transmitted  through  it.  This  can  be  done  by  a single  transmission  of  the 
beam  and  the  use  of  a pair  of  probes  held  in  a calliper  (Fig  la),  but  it  is  often  convenient  to  use  a 
single  probe  as  both  transmitter  and  receiver  and  to  let  the  ultrasonic  beam  return  through  the  specimen 
either  by  using  a reflector  plate  (Fig  lb)  or  by  examining  the  back  surface  echo  (Fig  ic).  There  must  be 
a constant  degree  of  coupling  between  the  probes  and  the  specimen  and  for  many  specimens  this  is  most 
conveniently  achieved  by  immersion  in  a water  bath.  For  very  large  specimens,  however,  'jet  probes'  must 
be  used  (Fig  2).  A block  diagram  of  suitable  equipment  is  shown  in  Fig  3.  The  probe  manipulator  is  con- 
nected mechanically  or  electrically  to  a recorder  pen  and  the  attenuation  changes  are  displayed  on  a C 
scan  record,  which  presents  the  data  in  the  form  of  a plan  view  of  the  specimen  with  various  pre-set 
attenuation  levels  shown  as  finite  changes  in  trace  density.  A typical  C scan  is  shown  in  Fig  4. 
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Fig  1 Altamativ*  ultratonic  inspection  procadunn 


What  matters,  of  course,  is  what  causes  the  attenuation  and  what  level  of  attenuation  is  acceptable. 
The  author  has  discussed  this  at  some  length  elsewhere but  the  principal  factors  governing  it  are  - 

i delaminations 

ii  the  void  content,  V 


iii  the  fibre  volume  fraction 

iv  surfaces  losses. 

The  state  of  cure  of  the  resin  will  also  affect  it  but  once  the  optimum  curing  cycle  has  been 
established  then  monitoring  of  the  autoclave  temperature  and  examination  of  control  samples  should  reveal 
any  inadequacy  of  cure,  and  this  has  not  in  practice  proved  a problem.  Now  delaminations  are,  by  defini- 
tion, between  individual  plies  and  they  are  thus  aligned  parallel  to  the  surface  of  Che  sheet  and  give  a 
detectable  back  echo  which  may  be  displayed  on  an  oscilloscope  (A  scan).  Fig  5 shows  how  Che  use  of  quite 
high  frequencies  (10  MHz)  and  a focused  probe  enables  the  through-thickness  depth  of  a delamination  to  be 
determined  accurately.  The  size  of  delamination  that  is  detectable  depends  of  course  on  the  area  over 
which  the  ultrasonic  beam  integrates.  Whilst  a focused  beam  will  give  Che  necessary  resolution  it  can 
cause  problems  in  practice  because  small  variations  in  probe  to  specimen  distance  can  introduce  unaccept- 
able variations  in  attenuation.  An  alternative  which  avoids  this  difficulty  is  to  use  a simple  stop  in 
front  of  a parallel  probe  (see  Fig  6).  A standard  10  nra  diameter  plain  probe  with  a centre  frequency  of 
7.S  MHz  was  for  example  found*^  to  integrate  effectively  over  an  area  6 nn  in  diameter;  the  addition  of  a 
6 mm  diameter  stop  reduced  this  area  to  one  of  about  2 sss  diameter.  Such  a probe  could  detect  a delamina- 
tion O.IS  mm  in  diameter.  Translaminar  cracks  (ie  cracks  in  one  ply  parallel  to  the  fibres  and  normal  to 
the  plane  of  the  sheet)  can  also  be  revealed  on  a C scan  by  the  use  of  high  resolution  probes.  There  is 
however  a possibility  of  confusing  them  with  other  defects  which  can  occur  in  narrow  bands  aligned  with 
the  fibres  (such  as  resin  rich  areas  at  a side  butt  joint  between  sheets  of  pre-preg)  and  in  cases  of 
doubt  it  is  best  to  investigate  the  area  further  with  a pair  of  conventional  shear  wave  contact  probes. 

If  there  are  no  significant  delaminations  then  the  attentuation  suffered  by  the  ultrasonic  beam  is 
attributable  either  to  surface  losses  or  to  internal  losses  caused  by  reflection  and  scattering  mechanisms 
usually  at  voids;  internal  damage  will  also  increase  the  attenuation  but  this  is  a service  problem  and 
will  be  discussed  later.  The  total  attenuation  for  a sheet  of  thickness  t may  therefore  be  expressed  as  - 

through  transmission  A^  • A^  4'  at 
reflector  plate  pulse  echo  A.|.  • * 2at 

The  important  parameter  to  be  measured  is  not  the  total  attenuation  Aj.  (or  Al)  but  the  absorption 
coefficient  a , which  is  usually  expressed  in  dB/om.  It  is  therefore  necessary  to  determine  and  subtract 
the  surface  loss  term  A^  (or  A^  * A^) . If  the  surface  is  of  even  texture  and  not  too  greatly  curved 
this  may  be  done  by  measuri.'e  A/f  on  a series  of  specimens  of  different  thickness  and  extrapolating  to 
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Fif  4 Ultraionic  C scan  of  a 0°-90°CFRP  laminate  laid  up  from  3in  wida  tapa 
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zero  thickness  to  give  Ag  . An  alternative  tnethod  proposed  by  Teagle  may  be  performed  in  aitu  on  the 
speciioen  but  requires  readings  of  attenuation  to  be  taken  by  the  techniques  shown  in  Fig  la  and  b and  also 
by  an  additional  technique  shown  in  Fig  Id.  Using  techniques  such  as  these  the  surface  loss  terms  can  be 
determined  to  an  accuracy  of  about  ±0.1  dB>  typical  figures  for  A^  and  (Ao  4 Ag)  being  1.4  dfi  and  5 dB 
respectively.  Now  a varies  from  about  0.5  dB/mm  for  high  quality  material  to  about  3 dB/mm  at  the  limit 
of  acceptability,  so  it  can  be  seen  that  for  sheet  material  a few  mm  thick  it  is  important  that  the 
surface  losses  do  not  vary  too  much  from  point  to  point  if  an  accurate  assessment  of  quality  is  to  be  made. 
Adequate  uniformity  in  terms  of  surface  texture  and  surface  profile  is  in  fact  usually  obtained  on  current 
sheet  material,  but  uneven  fibre  distributions  in  earlier  pre-pregs  resulted  in  a rather  convoluted 
surface  which  introduced  quite  significant  errors  into  the  attenuation  measurements.  Similar  problems 
will  be  seen  to  occur  with  components  of  more  complex  geometry. 

Although  there  are  local  changes  in  Vf  , the  fibre  volume  fraction,  the  quality  of  pre-preg 
currently  being  produced  means  that  there  is  very  little  variation  in  from  point  to  point  when  inte- 

grated over  the  area  interrogated  by  the  ultrasonic  beam.  Any  changes  in  attenuation  caused  by  changes  in 
Vf  are  usually  masked  by  the  changes  due  to  the  void  content,  . Only  when  a high  resolution  probe  is 
used  on  good  quality  material  can  these  minor  changes  be  seen. 

3.1.2  The  significance  of  defects  and  the  establishment  of  acceptance  standards  for  ultrasonic 
inspection 

The  important  question  that  we  are  now  faced  with  is  what  type  and  severity  of  void  content  is  pre- 
sent and  what  effect  does  this  have  on  the  mechanical  strength?  The  usudl  way  of  measuring  void  content 
is  to  measure  the  fibre  and  resin  densities  and  then  to  use  the  acid  digestion  technique;  in  this  way  a 
calibration  curve  such  as  that  in  Fig  7 may  be  derived.  For  reasons  discussed  in  Ref  18  such  a curve  is 
not  as  accurate  as  might  be  desired,  but  it  does  enable  the  effect  of  void  content  on  the  mechanical 
properties  to  be  investigated.  It  is  however  extremely  difficult  to  produce  laminates  which  are  of 
uniformly  poor  quality  and  such  a relationship  requires  the  mechanical  test  specimens  to  be  cut  from 
specific  areas  of  the  sheet  and  to  have  quite  short  effective  lengths.  Fig  8 shows  such  a curve  relating 
the  interlaminar  shear  strength  to  the  absorption  coefficient,  and  hence  to  the  void  content.  The  compila- 
tion of  these  results  was  rather  time  consuming  and  there  is  at  present  not  a great  deal  of  published  data 
on  these  relationships. 

One  of  the  factors  causing  confusion  is  the  fact  that  microscopic  examination  has  revealed  that  a 
given  attenuation  could  be  caused  by  one  or  two  isolated  large  voids  or  by  a fairly  uniform  distribution 
of  small  voids.  Clearly  the  effect  of  these  two  types  of  defect  on  the  mechanical  properties  is  unlikely 
always  to  be  the  same  and  it  is  therefore  undesirable  or  possibly  dangerous  to  give  an  arbitrary  calibra- 
tion between  absorption  coefficient  and  void  content.  To  avoid  this  the  concept  of  specifying  the  material 
quality  in  terms  of  an  ’equivalent  distributed  void  content*  (EDV)  h^*  been  introduced.  For  each  material 
a curve  such  as  that  in  Fig  7 must  be  established.  Because  of  the  difficulty  in  obtaining  an  exact 
destructive  measure  of  void  content  it  is  unlikely  that  all  laboratories  would  derive  exactly  the  same 
curve  so  in  the  UK  all  the  interested  laboratories  in  the  aerospace  field  have  agreed  on  a series  of  stand- 
ard curves  for  composites  fabricated  from  each  of  the  commonly  used  pre-preg  systems.  Attenuation  measure- 
ments taken  on  sheet  material  of  any  given  thickness  can  then  be  expressed  in  terms  of  an  EDV  to  give  a 
measure  of  quality.  A given  EDV  can,  however,  correspond  to  more  than  one  type  of  void  distribution  and  a 
library  of  possible  microstructures  is  now  being  built  up.  Fig  9 shows  a few  examples  from  the  library 
being  built  up  on  material  with  an  HC  3501  epoxy  resin  matrix. 

In  the  longer  term  it  is  highly  desirable  to  be  able  to  distinguish  between  the  various  forms  of 
microstructure  giving  the  same  EDV  and  it  is  likely  that  improved  signal  processing  techniques  will  enable 
this  to  be  done^^'^^.  At  present  it  would  appear  that  examination  of  the  frequency  spectrum  of  the  combined 
front  andback  surface  echoes  may  well  prove  a useful  method.  Sucti  advanced  techniques  may  not  yet  be 
justified  for  more  complex  components  but  the  advent  of  computer  controlled  automatic  scanning  and  data 
processing  systems^^  means  that  it  is  quite  feasible  to  apply  them  to  sheet  material.  At  present,  however, 
there  is  only  limited  evidence  on  the  effect  of  these  various  microstructures  on  the  static  mechanical 
strength  properties  and  a great  deal  needs  to  be  done  in  the  fields  of  fatigue  and  environmental  testing 
before  definitive  statements  can  be  made  on  the  degree  of  acceptability  of  a given  defect.  It  is  also 
clear  that  improved  NDI  must  form  an  integral  part  of  such  investigations. 

In  the  meantime,  however,  acceptance  standards  must  be  laid  down  based  on  the  evidence  available  to 
date.  In  terms  of  ultrasonic  inspection  these  will  mean  that  the  designer  will  have  to  specify  for  each 
area  of  a particular  complex  skin  fabrication  - 

i the  maximum  size  of  delamination  that  is  acceptable,  possibly  also  expressing  this  in  terms  of 

its  through  thickness  location  and 

ii  the  acceptable  EDV. 

In  practice  this  will  probably  mean  the  imposition  of  some  minimum  overall  standard  together  with 
stricter  standards  for  defined  critical  or  highly  stressed  areas.  Concessions  would  probably  be  granted 
for  small  isolated  areas  of  high  EDV  outside  the  critical  regions.  In  fact  it  is  likely  that  no  completely 
hard  and  fast  rules  can  be  laid  down  and  the  importance  of  some  anomalies  will  have  to  be  resolved  by 
discussion  between  the  designer  and  the  NDI  unit.  For  example  mention  has  not  been  made  of  side-butt 
defects  which  are  readily  revealed.  Overlap  causes  a local  change  in  thickness  and  a surface  disturbance 
%rhilst  lack  of  butt  results  in  an  identifiable  resin  rich  line  almost  inevitably  containing  significant 
porosity.  Defects  such  as  these,  or  translaminar  cracks  induced  by  thermal  stress,  whilst  obviously  not 
desirable  may  still  be  acceptable  in  certain  circumstances. 

3.1.3  Additional  NDI  techniques 

A large  nta&ber  of  other  techniques  have  been  evaluated  for  use  on  composites,  but  for  practical 
applications  to  sheet  material  only  radiography  has  found  widespread  acceptance.  Various  ultrasonic 
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resonance  devices  have  been  employed  with  varying  degrees  of  success  to  find  delaminations,  and  optical 
holography  can  reveal  various  anomalies,  but  these  techniques  do  not  appear  to  offer  any  great  advantage. 
High  frequency  eddy  current  techniques  can  be  used  to  give  a good  measure  of  the  local  volume  fraction  on 
unidirectional  material,  but  they  have  not  been  found  to  be  so  reliable  on  angle  ply  laminates^^. 

Radiography  provides  an  excellent  means  of  detecting  foreign  Inclusions  such  as  swarf  or  cigarette 
ash,  which  from  time  to  time  find  their  way  into  composites  (although  such  inclusions  do  not  appear  to  have 
much  effect  on  the  static  mechanical  properties)  and  it  will  usually  find  translaminar  cracks.  Whilst  It 
can  reveal  porosity  It  is  by  no  means  so  sensitive  as  ultrasonic  inspection  and  cannot  really  be  regarded 
as  a quantitative  technique  in  this  respect.  Its  biggest  advantage  is  probably  when  used  with  pre^reg 
sheets  containing  tracer  fibres;  these  are  usually  filaments  of  lead  glass  but  coated  boron  fibre  have  also 
been  used.  The  extra  density  of  the  tracers  makes  them  stand  out  against  the  background.  Not  only  do 
these  have  the  obvious  advantage  of  revealing  the  lay~up  directions,  fibre  buckling,  and  the  inclusion  of 
any  illegal  end  butts  between  plies,  but  the  use  of  a combination  of  oblique  shots  also  allows  the  lay*up 
order  to  readily  be  determined.  Stereo  radiography  can  also  assist  here.  Fig  10  shows  an  example  of  the 
use  of  tracer  fibres.  Microfocus  radiography  can  be  of  assistance  in  further  investigating  suspect  areas. 
Various  attempts  have  been  made  to  enhance  the  contrast  of  defects  such  as  voids  or  cracks  by  the  use  of 
radio-opaque  penetrants  but  this  remains  essentially  a laboratory  technique. 


Fig  10  Radiograph  of  a 0®-90®  CFRP  Panel  containing  0.001  in  diameter  glass  tracer  fibres. 

The  source  was  rotated  about  the  y-axis  and  exposures  taken  at  +45®.  The  short  fibres  are  strands 
placed  above  and  below  the  panel  to  provide  a depth  calibration. 

3.2  Inspection  of  components  of  complex  geometry 


An  increasing  amount  of  the  sub-structure  beneath  the  skins  is  now  being  fabricated  in  CFRP.  These 
spars,  ribs,  stringers  etc  are  of  various  geometries  but  many  of  the  difficulties  may  be  seen  by  consider- 
ing the  inspection  problems  of  angle,  'T'  and  'I*  section  beams  such  as  those  shown  in  Fig  II.  Those 
regions  of  the  web  and  the  flange  with  parallel  faces  may  be  inspected  in  much  the  same  way  as  sheet 
material,  although  special  scanning  jigs  may  be  required.  Unfortunately  however,  the  regions  in  which  the 
stresses  are  most  complex  and  difficult  to  predict,  and  those  which  are  most  likely  to  have  defects  induced 
in  them  during  fabrication,  are  those  at  the  radii  and  these  are  of  course  also  the  most  difficult  regions 
to  inspect.  If  the  quality  of  the  surface  is  sufficiently  good  then  it  is  clearly  possible  to  use  a narrow 
ultrasonic  beam,  either  in  through  transmission  or  using  a suitably  shaped  reflector,  as  shown  on  the  angle 
section  in  Fig  Ma  and  b.  The  situation  is  very  similar  for  a 'T*  section  but  the  wave  meets  the  rear 
surface  at  an  oblique  angle  and  the  resultant  angle  of  refraction  will  depend  on  the  acoustic  impedance  of 
the  composite;  it  may  therefore  be  better  to  consider  trying  to  inspect  the  whole  region  using  the  beam 
reflected  off  the  back  wall  as  shown  in  Fig  lie. 


An  'I'  section  beam  may  be  fabricated  in  a number  of  ways  and  the  inspectability  depends  on  the 
details  of  the  fabrication  process  and  the  number  of  stages  that  this  involves.  One  method  for  example  is 
to  fabricate  as  a pair  of  back-to-back  channels  and  then  to  bond  on  rectangular  cross-section  cover  plates 
to  reinforce  the  flanges  (Fig  ltd).  It  is  usual  to  fill  the  cusp  shaped  area  with  GRP  and  inspection  of 
the  complete  asseo^ly  is  therefore  difficult.  If,  however,  inspection  Is  carried  out  before  the  GRP  and 
cover  plates  are  added  then  the  problem  is  much  the  same  as  that  of  an  angle  section.  There  is  however, 
little  evidence  available  on  the  efficacy  of  these  ultrasonic  techniques.  At  present  the  only  practicable 
alternative,  and  one  which  must  be  employed  with  poor  surface  textures,  appears  to  be  radiography.  Some 
of  the  more  exotic  techniques  may  well  be  worthwhile  considering  for  applications  such  as  this.  For  GRP 
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a Angle  section  using  contact 
through  - transmission 


b Angle  section  using  immersion 
pulse  - echo 


c The  use  of  back -wall  echo 
on  a Tee  section 


d Practical  fabrication  procedures 
cause  difficulties  as  on  this 
I section 


Fig  1 1 UltTMonic  inspaction  prooadurM  riquirad  for  mota  compiax  gaomatriat 
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components  for  example  Che  corona  discharge  technique  , which  reveals  the  local  breakdown  of  the  dielec* 
trie  at  voids  would  seem  likely  to  be  less  sensitive  to  the  various  geometric  factors. 

Filament  winding  or  tape  winding  techniques  are  frequently  used  to  make  components  in  the  form  of 
tubes  or  pressure  vessels  and  once  again  if  the  quality  of  the  surface  is  satisfactory  there  is  no  reason 
vdiy  ultrasonic  techniques  should  not  be  devised.  Unfortunately  especially  with  filament  winding,  the 
surfaces  of  many  practical  components  are  not  of  a sufficiently  high  standard.  Sometimes  a cosmetic  coat* 
ing  of  resin  is  added  and  this  permits  meaningful  attenuation  readings  to  be  taken  but  care  must  be  taken 
in  the  subsequent  interpretation.  Components  of  this  type  however  readily  lend  themselves  to  internal 
pressurisation  and  defects  are  often  revealed  as  anomalies  in  the  surface  strain  or  normal  displacement 
patterns.  Holographic  techniques  provide  a very  convenient  way  of  displaying  the  deformation  patterns 
and  revealing  the  anomalies.  The  pressurisation  may  be  of  quite  a low  level  especially  applied  for  NDI 
purposes  or  it  may  be  used  as  part  of  a proof  testing  procedure.  An  example  of  the  former  is  shown  in 
Fig  12. 


Fig  12  Holography  used  on  a filament  wound  GRP  pressure  vessel 

3.3  Inspection  of  adhesive  bonded  joints  and  sandwich  panels 

A great  deal  has  been  written  on  the  NDI  of  adhesive  bonded  metal*to*metal  joints  and  the  following 
cotments  are  only  a brief  aumDary  intended  to  put  the  situation  for  joints  with  composite  adherends  into 
context. 

All  the  devices  developed  for  inspecting  assembled  bonded  joints  respond  to  * 

i the  presence  or  absence  of  an  adhesive  bond  or 

ii  those  properties  of  Che  adhesive  layer  which  affect  the  cohesive  strength. 

No  connercial  instrument  gives  information  on  the  adhesive  strength.  This  is  largely  ensured  by 
stringent  quality  control  although  the  Fokker  contamination  tester^^  has  proved  very  valuable  as  a labora- 
tory tool.  There  is  however  some  hope  that  ultrasonic  frequency  analysis  may  provide  useful  information 
on  the  interface  characteristics^^.  The  various  comnercial  bond  testers  use  different  approaches  but  all 
of  them  induce  various  resonances  into  the  adherends  and  reveal  changes  in  the  thickness,  stiffness  or 
density  (including  porosity)  of  the  adhesive  layer  which  may  be  related  to  the  cohesive  strength.  A 
similar  approach  has  been  adopted  for  honeycosab  and  other  sandwich  panels  and  relationships  have  been 
derived  between,  for  example,  Che  Fokker  Bond  Tester  B Scale  indication  and  the  flatwise  tensile  strength 
of  such  a panel.  Thermal  and  holographic  methods  have  also  proved  useful  for  inspecting  quite  large  areas. 

There  is  ouch  less  information  available  on  the  performance  of  these  devices  on  joints  or  panels  with 
adherends  manufactured  from  composite  materials.  With  reference  to  the  various  categories  of  defect  listed 
in  section  2.2  some  general  cotBents  may  however  be  made. 

1 Many  of  Che  faults  in  adherend  geometry  are  best  detected  by  radiography  although  the  resonance 

bond  testers  or  ultras^ic  inspection  may  also  be  of  assistance. 


<w 
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2 The  Foldcer  concamlnatlon  tester  was  developed  for  metallic  materials  and  is  not  applicable  to 
composites.  At  present  there  is  no  real  alternative  to  stringent  quality  control. 

3 & A The  absence  of  adhesive  is  detectable  in  many  ways  but  those  which  have  principally  been  used 
in  the  UK  are  - 

contact  or  imaersion  ultrasonics, 

Che  Fokker  bond  tester  (FBT) 

the  acoustic  flaw  detector  (AFD) , this  has  the  advantage  of  not  requiring  a couplant. 

Radiography  may  also  be  used  in  many  cases  and  it  is  especially  useful  for  detecting  small  gaps  or 

porosity. 

The  bond  testers  will  also  respond  to  the  thickness  or  condition  of  the  adhesive  bond.  Careful 
calibration  is  required,  however,  to  Cake  into  account  the  thickness  and  properties  of  the  composite 
adherend,  and  variable  quality  skin  siaterial  can  cause  considerable  confusion.  The  author  has  been  unable 
Co  find  any  published  data  relating  the  bond  tester  results  to  mechanical  properties  for  such  components. 

Holography  has  proved  to  be  particularly  valuable  for  honeycomb  panels  with  CFRP  skins  and  a number 
of  different  types  of  faults  have  been  revealed  as  anomalies  in  the  fringe  patterns  induced  by  mild 
stressing.  Interpretation  of  these  anomalies  is  however  not  straightforward  but  experience  gained  on  a 
limited  number  of  components  has  demonstrated  the  sensitivity  of  the  technique.  The  technique  depends  on 
the  deformation  of  the  skins  to  reveal  sub~surface  anomalies  and  it  is  therefore  less  successful  on 
components  having  thicker  skins  (>2  mn) . Thermal  methods  have  also  been  used  and  photochromic  paints  or 
scanning  infra-red  systems^h  offer  a useful  technique  for  the  inspection  of  large  areas.  Finally,  although 
it  is  a point  by  point  technique,  mention  should  be  made  of  the  fact  that  Che  AFD  has  proved  very  success- 
ful in  detecting  and  identifying  a number  of  different  types  of  flaw  in  a large  radome  having  GRP  skins  and 
a foam  core. 

3.4  Service  and  environmental  damage 

Quite  a large  number  of  the  in-service  damage  problems,  such  as  impact  damage,  bird  strikes  or 
accidental  overload,  result  in  delaminations,  cracking  and  bond  failures  and  the  means  of  detecting  such 
defects  have  already  been  discussed.  The  practical  problems  which  arise  are  in  general  Chose  of  adapting, 
the  technique  for  in  situ  use  on  the  aircraft.  Many  of  the  ultrasonic  procedures  for  example  can  be 
applied  but  they  require  some  ingenuity  in  the  use  of  special  scanning  jigs  and  coupling  procedures. 
Similarly  the  application  of  holography  will  probably  require  the  use  of  pulsed  lasers.  There  are,  how- 
ever, two  special  in-service  problems  %rtiich  have  no  equivalent  at  the  fabrication  stage;  these  are  fatigue 
damage  and  moisture  ingress  both  into  the  composite  and  into  adhesive  bonded  joints.  Mention  should 
perhaps  also  be  made  of  the  fact  that  there  is  a potential  galvanic  corrosion  problem  in  many  aluminium 
and  steel  alloys  when  they  are  coupled  to  CFRP  in  Che  presence  of  an  electrolyte.  This  has  not  caused  many 
practical  problema  to  date  but  Che  current  move  Cowards  riveted  fasteners  could  introduce  problems  in  this 
area. 


i 

ii 

iii 


The  response  of  composite  materials  to  a fatigue  environment  is  a complicated  story  and  depends  on 
the  lay-up  employed  and  the  nature  of  the  applied  stress  field.  Unidirectional  CFRP,  for  example  shows  a 
high  level  of  resistance  to  fatigue  damage  when  subjected  Co  tensile  loading  along  the  fibre  direction  but 
in  shear  Che  fatigue  effects  are  severe  and  significant  creep  is  induced.  With  angle  ply  material  Che  pres- 
ence of  fatigue  damage  is  not  always  accompanied  by  a loss  of  strength^?  and  there  is  really  no  universal 
criterion  by  iseans  of  which  the  degree  of  fatigue  damage  can  be  specified.  It  is  in  fact  possible  for  some 
damage  to  be  beneficial  and  it  has  been  shown^U  chat  the  notch  sensitivity  of  0 tA5°  CFRP,  which  is  severe 
under  monotonic  loading,  is  much  reduced  in  fatigue  because  of  the  occurrence  of  cracking  which  reduces 
Che  sensitivity  to  the  stress  raiser.  Thus  although  internal  damage  can  be  detected  by  such  techniques  as 
ultrasonic  attenuation  or  high  frequency  eddy  currents  care  must  be  taken  in  the  interpretation  of  such 
data.  Nonetheless  ultrasonic  attenuation  has  been  used  as  a monitor  of  fatigue  damage. 

Measurements  of  the  shear  modulus  and  of  the  damping  coefficient  in  torsion  have  been  used^*  to  detect 
damage  in  CFRP  rods  and  it  was  found  that  Che  latter  was  a much  more  sensitive  indicator.  A comprehensive 
investigation  on  Che  early  detection  of  fatigue  damage  is  reported  by  Salkind^^;  this  was  principally  per- 
formed on  GRP  cubes  but  soise  unidirectional  CFRP  was  also  tested  under  complex  cosdjinations  of  bending  and 
torsion.  Torsional  stiffness  was  found  to  be  the  most  useful  indicator  of  damage  and  a three  stage  process 
was  identified.  The  stiffness  measured  was  however  the  overall  stiffness  of  Che  laboratory  test  specimens 
and  no  attempt  was  made  Co  take  a local  measure  of  stiffness  such  as  might  perhaps  be  given  by  Che  ultra- 
sonic shear  wave  velocity.  Temperature  sensitive  coatings  revealed  hot  spots  indicating  local  damage  and 
holography  was  used  to  monitor  Che  growth  of  damage.  The  presence  of  hot  spots  has  also  been  established^ 
for  CFRP  under  flexural  fatigue  but  the  opacity  of  the  material  to  infra-red  radiation  prevented  their 
non-destructive  detection. 

It  would  appear  therefore  Chat  NDI  is  not  yet  offering  enough  in  this  field  but  that  dcvclopswnt  of 
suitable  techniques  is  still  hampered  by  a lack  of  understanding  of  the  exact  mechanisms  involved.  It  is 
in  fact  desirable  chat  NDI  procedures  should  be  more  closely  integrated  with  the  fatigue  test  programmes. 

Despite  the  importance  of  detecting  and  quantifying  the  degree  of  moisture  ingress  together  with  any 
resultant  damage  there  is  little  information  available  on  suitable  NDI  procedures.  There  is,  however,  a 
useful  paper  by  Kaelble33  which  describes  a current  research  programme  and  concludes  that  for  CFRP  the 
translaminar  ultrasonic  velocity  and  attenuation  give  a measure  of  the  moisture  concent  and  strength 
degradation  respectively.  Thermography  and  penetrants  are  suggested  for  detecting  the  failure  of  protec- 
tive surface  treatments.  He  suggests  also  that  gauges  such  as  strain  density  sensors  or  dielactrometer 
electrodes  could  be  fabricated  into  coiqponenta  to  snnitor  the  internal  stresses  induced  by  smitture 
ingress.  Microwave  or  infra-red  spectroscopy  are  proposed  as  a means  of  analysing  Che  state  of  the 
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chemical  structure  of  the  composite  surface.  Some  of  the  loore  exotic  techniques  such  as  nuclear  resonance 
or  neutron  gauging  may  also  be  able  to  contribute. 

4 THE  USE  OF  ACOUSTIC  EMISSIOH  TECHNIQUES 

Although  not  strictly  a non -destructive  technique  acoustic  emission  (AE)  can  nonetheless  play  a very 
useful  role  closely  related  to  that  of  NDI  by  revealing  what  is  happening  in  a mechanical  test.  As  soon 
as  stress  is  applied  to  a CFRP  component  minor  failures  will  occur  at  local  points  of  weakness  resulting 
in  the  emission  of  small  stress  waves.  By  the  use  of  suitable  instrumentation  these  waves  may  be  detected, 
counted  and  processed.  It  is  not  yet  possible  unambiguously  to  characterise  individual  failure  events, 
especially  in  a structural  configuration^^,  but  recent  developments  make  this  objective  increasingly  feas- 
ible. In  the  meantime  however  an  examination  of  the  amplitude  distribution  of  the  signals  has  proved  very 
useful  and  two  examples  will  be  briefly  described. 

A block  diagram  of  the  instrumentation  employed  by  the  author  is  shown  in  Fig  13.  The  amplitude 
sorter  consists  of  a pre-amplifier  followed  by  three  amplifier  stages  each  having  a gain  of  20  dB  (x  |0); 
four  fixed  level  trigger  units  are  provided  as  shown  so  that  the  signals  are  categorized  as  falling  into 
one  of  four  amplitude  ranges  the  most  sensitive  level  being  designated  Level  I,  the  next  Level  2 and  so  on. 
Each  time  that  a given  trigger  is  activated  a pulse  is  stored  on  the  corresponding  channel  of  a magnetic 
tape  recorder.  On  replay  the  cumulative  count  on  each  channel  is  displayed,  using  an  appropriate  scaling 
factor,  on  an  X-Y  plotter. 

Consider  first  the  results  of  tensile  tests  on  two  different  quality  samples  of  unidirectional  CFRF. 
The  ends  of  the  specimen  had  been  electroded  and  the  changes  in  resistance  were  monitored  to  give  a measure 
of  fibre  breakage;  the  initial  decrease  in  resistance  is  attributed  to  transverse  compression  caused  by  the 
wedge  grips.  It  should  be  noted  that  the  AE  cumulative  counts  are  displayed  on  a weighted  presentation, 
there  being  ten  times  more  counts  per  division  for  Level  I than  for  Level  2 and  so  on. 


Fig  13  Block  diagram  of  the  acoustic  emission  equipment 


The  results  obtained  on  a good  quality  specimen  are  shown  in  Fig  14  and  it  can  be  seen  that  after 
the  initial  slight  decrease  in  resistance  referred  to  above  there  is  only  an  increase  in  resistance  just 
before  final  failure.  Examination  of  the  cumulative  count  curves  shows  that  this  point,  which  is  the  onset 
of  significant  fibre  breakage,  is  also  revealed  by  counts  at  the  high  amplitude  Levels  3 and  4.  The  lower 
amplitude  emissions  at  Levels  I and  2 are  therefore  assumed  to  emanate  from  lower  energy  events  such  as 
matrix  cracking  and  interface  failure.  It  is  perhaps  interesting  to  note  that  good  quality  specimens  of 
this  type  exhibit  a pronounced  'Kaiser  effect'^S  indicating  that  the  emissions  arise  from  irreversible 
failure  events.  This  result  should  be  contrasted  with  the  results  of  an  identical  test  on  a poor  quality 
specimen  shown  in  Fig  15.  Here  there  is  a significant  decrease  in  resistance  caused  by  the  transverse 
compressions  and  fibre  fracture  starts  well  before  final  failure.  Noting  that  there  is  a 20:1  change  in 
scale  for  the  cumulative  count  curves  it  can  be  seen  that  prior  to  this  point  the  counts  at  Levels  I and  2 
are  much  the  same  for  both  specimens.  Once  fibre  fracture  has  started,  however,  there  is  a large  nunber 
of  counts  at  all  levels  building  up  to  final  failure. 
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Acoustic  emission  can  also  add  considerably  to  the  value  of  a proof  test  and  here  again  examination 
of  the  amplitude  distributions  can  be  most  revealing.  Fig  16  shows  the  results  of  a proof  bending  test 
on  a small  structural  component;  a weighted  presentation  has  again  been  used  and  the  curves  for  the  four 
levels  lie  fairly  close  together.  This  was  typical  of  good  quality  components  although  they  did  not 
always  lie  in  order  as  shown.  There  is  a marked  difference  for  poor  quality  specimens;  these  were  much 
more  variable  but  typical  results  are  shown  in  Fig  17.  Two  factors  should  be  noted.  First  the  pre- 
dominance of  high  amplitude  counts  and  second  the  fact  that  the  counts  at  Level  1 , the  most  sensitive 
level,  are  much  the  same  as  those  obtained  on  the  good  quality  component.  Thus  A£  measurements  taken  in 
the  conventional  way  using  the  highest  sensitivity  available  would  not  have  revealed  this  difference  in 
emission  characteristics.  Both  components  successfully  sustained  the  proof  load  with  no  obvious  signs  of 
damage  and  without  acoustic  emission  there  was  no  way  of  predicting  the  final  performance. 

Acoustic  emission  should  really  be  considered  as  a technique  which  is  complementary  to  the  true  NDI 
techniques  discussed  earlier.  Used  with  care  it  can  reveal  whether  or  not  failures  have  occurred  during 
a structural  test,  and  it  is  sometimes  possible  to  use  location  or  zone  discrimination  techniques  tc  say 
where  this  event  occurred.  Only  limited  information  is  at  present  deducible  about  the  nature  of  the 
event  but  by  telling  the  inspector  when  - and  perhaps  where  - to  look  it  can  offer  considerable  assistance 
to  conventional  NDI.  Periodic  proof  testing  is  not  feasible  for  many  components  but  in  the  cases  when  this 
can  be  done  AE  offers  the  possibility  of  detecting  in-service  damage. 

5  DISCUSSION  AND  CONCLUSIONS 

The  development  of  NDI  techniques  for  composites,  and  indeed  the  development  of  the  composites  them- 
selves, is  hampered  by  a lack  of  knowledge  on  the  significance  of  defects.  Close  liaison  between  the 
fabricators  and  the  NDI  team  is  essential  for  not  only  does  it  give  the  rapid  feed-back  of  information 
required  in  order  to  optimise  the  fabrication  process,  but  it  also  ensures  that  the  NDI  team  has  access 
to  representative  defective  specimens  that  can  be  examined  destructively  after  NDI.  This  liaison  is  not 
only  required  during  the  development  of  fabrication  procedures  but  also  during  the  routine  production  of 
material  for  mechanical  test  specimens.  Many  of  the  difficulties  initially  encountered  with  composites 
arose  from  variability  in  the  material  and  a greater  involvement  of  NDI  might  well  have  obviated  much  of 
this.  Additionally  there  is  a need  for  the  production  or  selection  of  defective  material  so  that  the 
effects  of  various  defects  on  the  structural  performance  may  be  studied.  Only  when  this  information  is 
available  can  meaningful  acceptance  standards  be  specified. 

In  summary  the  application  of  NDI  to  sheet  material  is  proving  adequate  although  undoubtedly  there 
is  a good  deal  more  information  that  could  be  extracted.  Components  of  more  complex  geometries  do  raise 
additional  problems  and  there  is  clearly  room  for  improvement  here.  The  more  advanced  fabrication  pro- 
cedures in  which  several  elements  are  cured  at  the  same  time  are  certain  to  make  NDI  more  difficult  and 
on  occasions  they  will  make  it  almost  impossible  using  the  currently  available  techniques.  The  other 
major  problem  areas  which  should  be  highlighted  are: 

1 The  prediction  of  the  strength  of  adhesive  bonds  and  the  monitoring  of  environmental 
degradation.  This  is  a general  structural  problem  but  it  is  further  complicated  if  the  adherends 
are  composite  materials. 

2 Detection  of  in-service  damage,  especially  moisture  ingress. 
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THE  RESONANCE- IMPEDANCE  METHOD  AS  A MEANS  FOR  QUALITY 
CONTROL  OF  ADVANCED  FIBRE  REINFORCED  PLASTIC  STRUCTURES 

by 

Ir.  R.J.  Schliekelmann 
Fokker-VFW  Technological  Centre 
Schlphol-Oost 
The  Netherlands 


SUMMARY  ^ 

The  resonance  frequency/ impedance  method,  that  has  shown  during  twenty  years  to  be  effec- 
tive for  structural  adhesive  bonded  joints,  appears  to  be  also  promising  for  inspection 
of  advanced  composite  structures  laminates  as  well  as  bonded  joints.  The  principles  of 
testing  are  discussed,  as  well  as  practical  applications  in  recent  advanced  composite 
structures  development  programs. 

INTRODUCTION 

The  availability  of  advanced  fibre  reinforced  plastic  materials  for  structural  applications 
has  given  the  designer  of  such  structures  an  entirely  new  dimension  to  his  work.  He,  not 
any  more  selects  materials  for  application  in  his  structures,  but  now  he  has  the  possibili- 
ty to  "design"  composite  materials  most  suited  for  use  in  the  structure  concerned. 

Parameters  such  as:  j 

. fibre  volume  fraction  j 

. fibre  orientation  j 

. lamination  configuration  | 

. matrix  resin 

offer  ample  possibilities  for  variation  within  the  requirement  field  for  structural  appli-  i 

cation  of  advanced  fibre  composites.  Each  individual  combination  of  these  parameters  offers 
a iTrttevial  with  a distinct  set  of  mechanical  properties.  It  is  certainly  not  the  intention 
o-’  this  paper  to  make  propaganda  for  an,  as  wide  as  possible  variation  of  the  available 
i'ar as sters , Instead  of  maUclng  a plea  for  more  standardization  of  Icuninate  configurations. 

HO'''VPr,  the  mentioned  parameters  will  be  present.  The  consequence  of  these  variations 
available  to  the  designer  of  composite  structures  is,  that  he  requires  the  manufacturing 
organization  to  guarantee  him  that  those  pareuneters  in  the  actual  structure  hardware  will 
have  the  values  that  he  considered  to  be  desirable  as  a basis  for  his  design. 

In  view  of  the  close  dependency  of  many  of  such  parameters  with  the  applied  manufacturing 
processes  much  emphasize  has  to  be  placed  on  the  quality  control  activity.  In-process  con- 
trol plays  an  Important  r&le  for  the  realization  of  the  desired  properties  of  the  endpro- 
duct.  A complete  answer,  however,  cannot  be  given  in  this  way.  As  destructive  sample 
testing  and  proofloading  are  by  no  means  popular  methods  for  assessment  of  composite 
structure  qualities,  non-destructive  inspection  unavoidably  must  play  an  Important  rOle. 

The  effectlvltles  of  the  generally  accepted  means  of  N.D.I.  have  been  described  in  detail 
in  many  papers,  and  publications,  some  of  which  are  mentioned  in  the  added  reference  list. 

The  intention  of  this  paper  is  to  discuss  the  merits  and  limitations  of  an  N.D.I. -method, 
that  has  seen  large  scale  use  only  in  a rather  limited  field  of  application:  that  of  the 
quality  control  of  adhesive  bonded  joints  both  between  metallic  or  non-metalllc  components. 

This  method  is  the  resonance- Impedance  method  that  saw  world-wide  application  in  the 
Fokker  Bond  Tester  System. 
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In  recent  years  there  are  Indications  of  quite  successful  use  for  quality  cont;rol  of  impor- 
tant advanced  composite  structural  con^nents,  not  only  in  the  adhesive  bonded  joints 
there  off  but  also  of  the  laminates  themselves.  In  the  followlnq  the  principles  of  reso- 
nance Impedance  inspection  of  composites  is  discussed,  as  well  as  some  practical  applica- 
tions . 


QUALITY  VARIABLES  OF  COMPOSITE  LAMINATES 

As  mentioned  in  the  introduction  the  composite  materials  can  be  varied  according  to  the 
intention  of  the  designer.  However,  also  variations  can  be  introduced  by  variations  in 
the  manufacturing  processes.  Deviations  from  the  specified  fibre  volume  fraction,  fibre 
orientation  lamination  configuration  and  matrix  properties  can  be  introduced  by  variations 
in: 

. lay-up 

. local  curing  pressure 
. local  resin  bleeding 
. curing  temperature  and  -time 

Most  Important  quality  variations  show  up  as: 

. l^unlnate  thickness  variations 
. matrix  density  variations  (porosity) 

. delaminations 


PRINCIPLE  OF  RESONANCE  IMPEDANCE  TESTING 

Determination  of  mechanical  properties  of  cured  adhesive  resin  layers  between  bonded 
objects  by  means  of  resonance  testing  dates  back  to  the  work  of  Bordonl,  Dietz  and 
co-workers.  They  measured  the  dynamic  moduli  of  resinous  layers  bonded  between  solid 
metal  cylinders  at  ultrasonic  frequencies.  Fig.  1 shows  the  principles  of  this  method. 

Early  attempts  to  apply  this  valuable  principle  on  actually  adhesive  bonded  sheet-metal 
structures  were  seriously  hampered  by  the  fact  that  the  thickness  resonance  frequencies 
experienced  within  one  component  covered  such  a very  wide  range  due  to  the  many  variations 
in  metal-thicknesses  as  used  in  such  bonded  structures.  In  the  effort  to  develop  a uni- 
versally applicable  instrumentation  for  such  a purpose  the  principle  was  developed  not  to 
measure  the  resonance  frequency  of  the  bonded  combinations  themselves  but  to  determine  the 
changes  of  the  resonance  characteristics  of  a well  defined  body,  when  acoustically  coupled 
to  those  bonded  assemblies.  In  fact,  the  calibrated  body  then  is  coupled  with  a mass/sprlng- 
dashpot/mass  system  (figure  2) . It  is  obvious  that  the  resonance  properties  of  this 
"reference"  body  will  be  modified  by  the  magnitude  of  the  coupled  mass  in  comparison 

with  that  of  the  reference  body  in  the  free  state  and  the  dyn^unic  properties  of  the  glue- 

S-f2 

layers  in  between  these  masses.  About  twenty  years  of  use  of  this  principle  has  shown 
its  capabilities  of  providing  quantitative  quality  information  about  the  cured  gluelayer 
between  bonded  layers,  even  in  multiple  laminations.  In  the  case  of  inspection  of  fibre 
reinforced  materials  the  operation  principle  must  be  somewhat  different.  In  the  adhesive 
bonded  application  the  variations  in  the  resonance  characteristics  are  caused  mainly  by 
the  variations  in  the  gluelayer  parameters:  modulus,  density  and  thickness.  For  a given 
configuration  of  joint  the  metal  masses  (density  and  sheet  thickness)  are  constant  and 
considered  to  be  Inflnltlvely  stiff;  they  are  initially  given  factors  for  which  the 
instrusvent  can  be  preadjusted.  The  gluelayer  itself  is  considered  to  act  as  a massless 
spring  with  variable  dynamic  properties.  When  inspecting  fibre  reinforced  solid  objects 
these  are  directly  acoustically  coupled  to  the  reference  body.  The  resonance  character is- 
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tics  of  the  system  can  be  varied  now  from  the  reference  values  by  all  parameters  that  can 
influence  the  mechanical  properties  of  the  laminate  concerned.  Figure  3 illustrates  that 
in  the  latter  application  the  coupled  mass  is  not  considered  to  be  infinitively  stiff  and 
Incorporates  the  spring  and  dashpot  Indicating  the  variability  of  the  dynamic  properties 
of  that  coupled  and  variable  mass. 

The  discussed  principle  for  testing  bonded  joints  was  brought  to  practical  application  by 
choslng  as  a reference  body  a piezo-electric  transducer  with  suitable  mass  and  dimensions, 
allowing  a quick  and  complete  analysis  of  the  resonance  characteristics  looked  for  (Fig.  4) 
Both  the  resonance  frequency  and  the  impedance  are  presented  in  directly  readable  form 
by  the  Instrument.  (Fig.  5)  The  correlation  between  the  laminate  properties  and  the 
resonance/ Impedance  characteristics  in  the  configuration  of  the  leunlnate  coupled  with  the 
reference  body  can  be  explained  as  follows : 

The  reference  body  and  the  laminate  directly  coupled  with  it  are  shown  in  figure  6. 
Regardless  the  fact  that  the  leunlnate  extends  far  beyond  the  contact  area,  only  the 
laminate  area  equal  to  the  contact  area  needs  to  be  considered  due  to  the  high  ultra 
sonic  frequencies  that  are  used.  Experiments  have  shown  that  areas  adjacent  to  the 
contact  areas  have  little  or  no  Influence  on  the  results.  In  figure  7 the  basic  resonance 
frequency  f^  of  the  reference  body  with  length  Ij^  (without  coupled  Icuninate)  is: 

f 

R 2 Ij, 

in  which  Cj^  is  the  ultrasonic  longitudinal  wave  velocity.  The  resonance  frequency  of 
the  coupled  system  of  reference  body  and  laminate  is : 


in  which  C^,  = apparent  resultant  wave  velocity  of  the  coupled  system,  1^^  being  the  leuni- 
nate  thickness 

"c  = "r  ^ 

A longltudonal  wave  travelling  from  one  outerface  of  the  coupled  body  to  the  other  outer- 
face  uses  a time: 

of  seconds, 

^R  ‘-L 

being  the  wave  velocity  in  the  thickness  direction  of  the  leunlnate.  The  resultant 
apparent  wave  velocity  C^,  for  the  system  of  the  coupled  bodies  can  be  expressed  as: 

C 

is  ^ 

The  basic  resonance  frequency  of  the  coupled  system  is  then: 

f . 1 ^R  • 

«o  ^ 

During  the  further  discussion  it  will  appear  that  also  the  higher  harmonics  may  play  an 
important  rOle.  The  factor  ^ then  must  be  replaced  by  -j;  1 etc.  multiplying  f^  with 
respectively  a factor  1,5;  2,0  etc.  The  above  is  particularly  valid  when  the  ultrasonic 
wave  velocity  of  the  reference  body  is  chosen  to  be  of  the  same  order  of  magnitude  as 
that  of  the  fibre  reinforced  leunlnate  in  thickness  direction. 

In  the  following  only  pure  longitudinal  resonance  is  assumed  to  take  place.  However,  in 
practise,  such  as  in  the  Fokker^  Bond  Tester  also  other  forms  of  resonance  are  used  in  the 
various  probes. 
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INFLUENCE  OF  LAMINATE  VARIABLES 

(a) 

In  the  case  of  launlnate  thickness  variations  only  Is  variable  and  all  other  reso- 
nance  frequency  Influencing  pareuneters  are  kept  constant.  Martin  and  others  found 
the  ultra  sonic  wave  velocity  for  void  free  carbon  laminate  with  70%  fibre  (volume) 
content  to  be  3,5  . 10^  m/sec.  Using  a reference  body  with  a thickness  of  0,635  cm 
and  a resonance  frequency  of  290  . 10^  Hz  the  value  of  C„  = 3,68  x 10^  cm/sec.  Tadjle 
8 and  diagram  9 show  the  laminate  thickness  Influence  on  the  basic  and  first  harmonic 
resonance  frequencies.  The  resonance  frequencies  of  the  reference  body  alone  are  also 
Indicated.  It  appears  that  there  will  be  considerable  shifts  In  resonance  frequencies 
relative  to  that  of  the  reference  body  alone.  The  question  Is  obvious  whether  the 
presence  of  more  than  one  resonance  mode  will  not  be  disturbing.  In  practical  Inspec- 
tion this  phenomenon  Is  just  of  great  help,  similar  as  has  been  experienced  In  testing 
bonded  joints.  It  allows  to  use  only  a limited  range  on  the  frequency  scale  due  to 
the  fact  that  when  the  basic  mode  runs  out  of  the  scale  the  second  mode  comes  within 
working  range.  The  mode  change  Is  clearly  Indicated  by  a strong  variation  In  the 
Impedance,  that  can  be  read  from  the  proper  Indicator.  Reference  bodies  with  different 
dimensions,  mass  and  resultant  resonance  frequencies  allow  an  optimum  selection  of 
typical  configurations  to  be  tested.  (Fig.  10)  . 

( b ) Yoid_de tect ion 

For  quality  control  purposes  actual  thickness  measurement  on  the  total  laminate  will 
be  carried  out  only  by  this  method  on  a limited  scale  when  other,  easier,  means  will 
fail  p.e.  due  to  lack  of  accessibility.  However,  the  described  phenomenon  Is  used 
effectively  for  determination  of  interlaminar  voids.  The  method  provides  straight- 
forward means  for  measuring  not  only  the  void  dimensions,  but  also  its  distance  in 
thickness  direction  below  the  laminate  surface.  Voids  show  up  immediatedly  as  a 
distinct  frequency  shift  in  a similar  way  as  a sharp  change  in  laminate  thickness 
does.  Fig.  11.  The  fact  that  the  part  of  the  laminate  that  Is  resonating  with  the 
reference  body  is  equal  or  even  smaller  than  the  contact  area  creates  an  excellent 
sensitivity  of  the  Inspection.  Laminates  upto  4 mm  thickness  can  be  inspected  with 
a reference  body  of  0,95  cm  diameter  that  will  detect  effectively  interlaminar  voids 
of  that  diameter  or  even  much  smaller.  Using  a well  balanced  ratio  between  reference 
body  diameter  and  thickness  and  between  the  latter  and  the  laminate  thickness  advanced 
composite  laminates  of  the  largest  practically  applied  thicknesses  can  be  inspected, 
on  voids  with  remarkable  sensitivity. 

(c)  Penslty_yariatlons 

Laminate  density  may  be  varied  due  to  changes  in  fibre  content  and/or  air  enclosures, 
porosities.  The  Influence  of  the  fibre  content  and  the  void  content  on  the  resonance 
properties  can  be  readily  understood  from  the  fact  that; 
the  ultrasonic  wave  velocity  perpendicular  to  the  laminate  plane  is: 


in  which:  E^^  = modulus  of  elasticity  of  laminate  in  thickness  direction. 
» density  of  laminate 


Various  sources  have  published  extensive  test  results  on  the  Influence  of  void- 


content  on  both  modulus,  density  and  the  resultant  change  in  wave  velocity.  Martin 

found  wave  velocity  changes  between  2,7  and  3,4  . 10^  cm/sec.  for  volume  fraction 

variations  between  50  and  75%  and  void  contents  between  0 and  4%.  These  changes  are 

1%-17 

mainly  caused  by  the  void  content  and  only  Insignificantly  by  the  fibre  content. 
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The  Influence  of  changes  in  wave  velocity  over  a range  of  2,25  to  3,5  . 10^  cm/sec.  I 

on  the  resonance  frequency  of  a 2 nm  thick  CFRP  Icuninate  using  the  same  reference  j 

body  is  shown  in  table  12.  This  particular  range  is  that  between  ideal  void  free  and 
the  fully  rejectable  quality  of  5%  porosity;  an  acceptable  quality  having  a void  | 

content  of  2%  or  less.  There  is  a very  distinct  difference  in  resonance  frequency 

shift  between  those  of  medium  and  high  and  too  low  quality.  In  practical  testing  < 

such  a range  of  36  kHz  means  a larger  part  of  the  Indicator  range  used  with  the  I 

1 

particular  Instrument  adjustment.  Adjustments  between  1,2  and  120  kHz  for  the  complete 
indicator  width  can  be  made  by  just  turning  a switch. 

APPLICATION  PRACTISE 

When  using  during  manufacture  autoclave  or  vacuum/oven  curing  methods  with  single  sided 
open,  moulds,  very  often  increasing  void  content  coincides  with  some  Increase  of  the 
laminate  thickness  for  a given  number  of  prepreg  plies.  Both  variables  having  similar 
effects  on  the  resonance  frequency  of  the  system  the  sensitivity  for  anomalies  in  the 
Icuninate  is  increased.  In  the  case  of  complicated  composite  structures  to  be  inspected, 
having  considerably  different  configurations  from  point  to  point,  it  is  effective  to 
use  reference  standards  showing  the  acceptable  laminate  quality  for  each  important  confi- 
guration. Otherwise  the  Fokker  Bond  Tester  correlation  diagrams  are  used  in  which  for 
each  probe  (reference  body)  the  influences  of  laminate  thickness  and  void  content  are 
Indicated.  Figure  13  shows  a typical  excimple  of  such  a diagram.  It  should  be  noted  that 
the  diagram  has  an  unusual  feature  of  indicating  the  increasing  resonance  frequency  from 
left  to  right.  This  is  an  historical  feature  based  on  the  fact  that  from  the  beginning 
the  Fokker  Bond  Tester  A-scale  (frequency)  indicator  showed  frequency  increases  as  left- 
hand  shifts  and  -decreases  as  rlghthand  shifts.  Furthermore  it  is  practise  not  to  use  the 
actual  resonance/frequency  of  the  system  but  to  express  the  quality  variations  as  shifts 
in  frequency  relative  to  the  reference  body  resonance  frequency  in  Left  (higher)  or 
Right  (lower)  shifts. 

In  figure  14  a series  of  ultrasonic  C-scan  pictures  is  given  of  a typical  experimental 

production  panel.  The  pictures  are  given  at  various  reception  dB-levels.  In  order  to 

exclude  any  thickness  influences  and  to  study  the  void  content  effect  separatedly  the 

specimen  was  machined  to  a thickness  of  3,0  mm  before  testing.  The  locations  with  the 

lowest  attenuation  at  the  applied  10  mHz  frequency  show  attenuation  of  2^  or  less,  which 

according  to  Stone  indicates  a void  content  of  4-  centre  of  the  panel  there  is 

an  area  that  shows  attenuation  of  in  the  order  of  5,3  ^ indicating  void  contents  of  2,3% 

nun  ( 

or  higher;  anyway  a level  that  generally  is  considered  to  be  unacceptable.  The  same  panel  ; 

inspected  along  the  resonance  (Impedance)  method  by  means  of  the  Fokker  Bond  Tester  with  | 

probe  No.  3814  and  a 290  kHz  resonance  frequency  showed  in  the  low  void  content  areas  | 

( ^ 2%)  resonance  frequencies  at  298  kHz  and  in  the  higher  void  content  area  ( 2,3%)  i 

289  to  291  kHz.  In  figure  15  the  frequency  shifts  from  the  reference  frequency  of  290  kHz  j 

are  indicated.  Also  the  B-scale  values  Indicating  the  impedance  are  shown  as  well.  A j 

value  of  B » 100  is  obtained  with  the  transducer  in  free  air  and  at  290  kHz.  Frequency 
shifts  of  the  indicated  magnitudes  are  with  proper  Instrument  adjustment  readily  detecteible. 

INSPECTION  OF  ADHESIVE  BONDED  JOINTS  BETWEEN  COMPOSITE  PARTS 

The  application  of  the  resonance  method  on  adhesive  bonded  joints  in  advanced  composite 
structures  can  be  done  similarly  to  the  established  practise  for  metal  bonded  joints. 

The  sensitivity  of  the  method  in  this  case  is  even  better.  Thanks  to  the  relatively  high 
moduli  and  low  masses  in  comparison  with  aluminium  alloys  the  applicability  of  the  given 
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reference  bodies  (probes)  obtains  a larger  sheet  thlcjcness  range. 

APPLICATION  EXPERIENCE 

It  Is  quite  understandable  that  at  Folc)cer-VFW  the  Fo)c)cer  Bond  Tester  was  applied  from 
the  earliest  moment  of  C.F.R.P.  research  and  development.  Figure  16.  This  was  done  in 
conjunction  with  other  N.D.I.  methods  such  as  ultra  sonic  pulse  echo  and  throughtransmls- 
Sion  as  well  as  Interference  holography.  Most  experience,  however,  has  been  accumulated 
by  the  companies  that  have  been  favoured  with  much  larger  scale  advanced  composite  hard- 
ware progreuns.  Grumman  Aerospace  Corporation  used  the  method  all  through  the  production 
of  large  structural  advanced  components  of  the  F-14  Tomcat  jetfighter,  leading  to  the 
most  Impressive  experimental  production  of  the  advanced  composite  stabilizer  for  the  B-1 
bomber'^® Figure  17.  According  to  Dastln  of  Grumman  for  that  structure  the  resonance 
technique  with  help  of  the  Fo)c)cer  Bond  Tester  Is  used  In  conjunction  with  ultra-sonic 
throughtransmission  and  pulse  echo  techniques.  The  resonance  method  Is  applied  effectively 
for  detailed  analysis  of  void  areas  that  have  been  discovered  Initially  by  faster  scanning 
techniques.  Representative  standards,  covering  a range  from  3-100  plies  are  used  In  order 
to  assist  with  determination  of  the  depth  location  of  a detected  anomaly  in  a laminate. 

Also  adhesive  bonded  joints  between  advanced  composite  elements  and  metal  components  were 

It 

Inspected  with  the  Fo)c)cer  Bond  Tester.  Hagemaler  of  the  Me  Donnell  Douglas  Corporation 
reports  that  also  in  conjunction  with  the  experimental  progr2un  of  the  advanced  composite 
rudders  of  the  DC- 10  the  resonance  method  is  applied  successfully,  both  for  endproduct 
quality  control  and  inspection  after  laboratory  or  flight  tests.  The  resonance  method  is 
called  to  be  basically  used  as  a "thic)cness  continuation”  test,  such  as  has  been  discussed 
earlier.  If  a delamlnatlon  has  occurred  a thinner  than  normal  response  is  obtained.  The 
thickness  response  will  indicate  the  relative  depth  of  the  delamlnatlon  below  the  s)cin 
outer  surface.  If  the  skin  has  separated  from  a rib  or  spar,  the  response  will  be  less 
thick  than  normal  and  will  be  equal  to  the  total  skin  thickness  in  the  local  separation 
area.  The  instrument  is  precalibrated  for  thickness  by  employing  two  graphite  epoxy  step- 
wedge  reference  standards.  One  standard  is  2 to  14  ply  in  2 ply  increments.  The  second 
standard  is  16  to  34  ply  in  3 ply  Increments. 

Figure  18  has  been  borrowed  from  the  relevant  paper  by  Hagemaler  for  the  1976  ATA  Non- 

2t 

destructive  Testing  forum.  It  is  interesting  as  it  shows  the  desired  frequency  (A-scale) 
indications  to  be  obtained  by  the  Fokker  Bond  Tester  on  a complex  detail  of  the  DC-10 
C.F.R.P.  rudder.  The  inspection  is  started  by  adjusting  the  C.R.T.  indication  (A-scale) 
for  the  reference  body  resonance  frequency  (290  kHz)  5 kHz  off  centre  to  the  left. 

Coupling  to  a 6 plies  skin  laminate  changes  the  frequency  to  approx.  285  kHz  which  brings 
the  indication  in  the  centre  of  the  indicator.  Additional  reinforcement  of  the  basic 
skin  leunlnate  reduces  the  resonance  frequency  to  approx.  280  kHz  for  10  plies;  270  kHz 
for  16  plies,  265  for  20  plies  and  260  kHz  for  24  plies.  When  going  to  30  plies  the  second 
mode  comes  into  operation  that  shows  an  indication  at  300  kHz . For  the  particular 
structure  detail  the  desired  frequency  indications  are  given,  taking  into  account  that 
each  division  line  on  the  horizontal  scale  equals  5 kHz  shift  and  the  center  frequency 
is  285  kHz. 


Advanced  composite  skins  for  reasons  of  avoiding  static  electricity  problems  and  reducing 
lightning  strike  damage  very  often  have  outerplles  of  metal  wire  mesh  laminated  simulta- 
neously with  the  fibre  laminates.  The  resonance  inspection  method  has  shown  to  obtain 
less  difficulties  when  inspecting  leunlnate  quality  Iselow  the  wire  mesh  and  also  the  bond 
of  the  wire  mesh  with  the  l^unlnate  than  experienced  with  other  methods. 
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CONCLUSION 

The  resonance/ impedance  Inspection  method  offers  an  important  completion  to  other  non- 
destructive methods  for  inspection  of  advanced  composite  structures. 


REFSRENCES 

1.  Bordoni,  P.G.,  "Metodo  Elettro-acustico  per  Ricerche  Sperimentale  sula  Elasticita*, 

Nuovo  Cimento  4 (1947)  177. 

2.  Nolle,  A.W.  and  Westervelt,  P.J.  "A  Resonant  Bar  Method  for  Determining  the  Elastic 
Properties  of  Thin  Lamina”,  J.  Appl.  Phys.  21  (April  1950)  304. 

3.  Foklcer  Ultrasonic  Adhesive  Bond  Test  , MIL-STD-860  (USAF)  April  1969. 

4.  Evans,  G.B.,  "The  Foklcer  Bond  Tester”  Sheet  Metal  Industries  (Oct.  1966). 

5.  Gonzalez,  H.M.  and  Merschel,  R.P.,  ”U.S.  Inspection  of  Saturn  II  Tank”,  Society  of 
Non  Destructive  Testing  (March  17,  1964) 

6.  Gonzalez,  H.M.  and  Cagle,  C.V.,  "Non  Destructive  Testing  of  Adhesive  Bonded  Joints”, 

4th  Pacific  Area  National  Meeting,  ASTM,  Los  Angeles  (Oct.  4,  1962) 

7.  Miller,  N.B.  and  Boruff,  V.H.,  "Adhesive  bonds  tested  ultrasonically" , Adhesive  Age 
(June  1963)  32. 

8.  Clemens,  R.E.,  "Evaluation  of  Fokker  Bond  Tester  System  for  non-destructive  testing 

of  FM  47  adhesive  bonded  honeycomb  and  metal-to-metal  structures”.  Soc.  Non  Destructive 
Testing,  Technical  Meeting,  Los  Angeles  (Feb.  13,  1962). 

9.  Miller,  N.B.  and  Boruff,  V.H.,  "Evaluation  of  Ultrasonic  Testdevices  for  inspection 
of  adhesive  bonds”,  AGARD  Structures  & Materials  Panel,  Paris, July  9,  1962. 

10.  Smith,  D.F.  and  Cagle,  C.V.  "Ultrasonic  Testing  of  Adhesive  bonds  using  the  Fokker 
Bond  Tester”,  Soc.  Non  Destructive  Testing,  National  Meeting, March  16,  1964. 

11.  Smith,  D.F.  and  Cagle,  C.V.,  "A  quality  control  system  for  adhesive  bonding  using 
Ultrasonic  Testing”.  Applied  Polymer  Symposia,  (1966)  411. 

12.  Bayer,  R.G.  and  Burke,  T.S.,  "Application  of  the  U.S.  Resonance  Technique  to 
Inspection  of  Miniature  Soldered  and  Welded  Joints”  Materials  Evaluation  (Jan.  1967)  20. 

13.  Martin,  B.G.,  "Ultrasonic  attenuation  due  to  voids  in  fibre  reinforced  plastics” 

N.D.T.  International  (Oct.  6,  1976)  242. 

14.  Martin,  B.G.,  "Ultrasonic  wave  propagation  in  fibre  reinforced  solids  containing 
voids”,  J.  Appl.  Phys.  1977  (to  be  published). 

15.  Stone,  D.E.W.  and  Clarke,  B.  "Ultrasonic  attenuation  as  a measure  of  void  content  in 
carbon  fibre  reinforced  plastics”.  Non  Destructive  Testing  (June  1975)  137. 


IS-8 


16.  Stone.  D.E.W.,  'Some  problems  in  the  non-destructive  testing  of  carbon  fibre  rein- 
forced plastics'.  Paper  No.  28  Internet.  Conf.  on  Carbon  Fibres  etc.,  London, 

The  Plastics  Institute  (Febr.  1974). 

I 17.  Jones,  B.R.  and  Stone,  O.E.W.,  'Towards  an  ultrasonic  attenuation  technique  to  measure 

I void  content  In  carbon  fibre  composites'.  Non  Destructive  Testing  (April  1976)  71, 

18.  Enderberg,  N.P.,  'Establis)unent  of  N.D.T.  Inspection  techniques  for  C.F.R.P.  honeycomb 
sandwiches'  ESA-CR-478  (1975). 

j 19.  Schlle)celmann,  R.J.,  'Holographic  Interference  as  a Means  for  Quality  Determination 

I of  Adhesive  bonded  Joints',  ICAS  8th  Congres,  Amsterdam,  August  1972. 

20.  Judge,  J.F.,  'Grumman  pushing  advanced  composites  for  aero-structures'  Aerospace 
I Technology  (April  22,  1968)  41. 

I 21.  Hagemaler,  D.J.,  'Non  destructive  Testing  of  DC-10  Graphite  Epoxy  Rudder',  1976  ATA 

,i  Non-destructive  Testing  Forum,  Tulsa,  (Sept.  16,  1976). 

S' 

jl 

ACKNOWLEDGEMENT 

The  author  gratefully  acknowledges  the  )cind  cooperation  received  for  the  compilation  of 
this  paper  from  Mr.  D.  Hagemaler,  Me  Donnell  Douglas  Corporation;  Mr.  S.  Dastln,  Grumman 
Aerospace  Corporation,*  Dr.  D.  Stone,  RAE  Farnborough  and  Messrs.  K.  Rlen)cs  and  R.  Querldo 
of  Fo)c)cer-VFW,  Technological  Centre. 


Method  of  Bordonl  for  resonance  testing  of  cemented  bars 
Specimens  geometry  and  dynamic  model. 

For:/9«  density  of  bar 

glueline  thickness 
i “ length  of  bar 

fo  “ resonance  frequency  of  solid  bar  r* 

fl  “ resonance  frequency  of  bonded  bar 

Modulus  of  elasticity  of  adhesive  is: 


Dynamic  model  of  determination  of  dyneunlc  properties  of  adhesive  bonded 
joint  by  resonance  testing  with  help  of  a reference  body  (Mp)  with 
calibrated  resonance  characteristics. 

Ml  and  M2  are  the  bonded  masses.  r-  ■ . IT  ^ 


Dyneunlc  model  of  determination  of  dyneunlc  properties  of  laminate  Ml  by 
means  of  resonance  testing  with  help  of  a reference  body  (Mp)  with  call 
brated  resonance  characteristics  i i 


Figure  4 Probe  containing  piezo  electric  transducer  that  has  the  function  of  call 
brated  reference  body. 


Fokker  Bond  Tester  instrument  for  non-destructive  inspection  by  means  of  the 
resonance  principle. 

The  resonance  frequency  changes  can  be  read  from  the  cathode  ray  tube  at  the 
lef thandside . The  other  instrument  indicates  the  relative  impedance  of  the 
resonance  condition. 


Figure  6 Principle  of  ceramic  transducer  used  as  a reference  body,  in  acoustical 
contact  with  laminate  (Fokker  patent) . 

1.  Icunlnate 

2.  ceramic  transducer  (reference  body) 

3.  topelectrode 

4.  spring  contacts  for  lower  electrode 

5.  spring  contact  for  top  electrode 

6.  lower  electrode  locally  extended  to  the  sidewall  of  transducer 
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TABLE  8 


Laminate  thickness 

Longitudinal  Resonance 

frequency  kHz 

Resonance  frequency  shifts 

from  290  kHz 

1^  cm 

L 1 

‘ { 

1 

basic 

le  harm 

basic 

le  harm 

I 

0 

290 

435 

0 

+ 145 

0,1 

248 

373 

-42 

+ 83 

0,2 

218 

326 

-72 

+ 36 

0,3 

194 

290 

-96 

0 

Influence  of  leuninate  thickness  on  the  longitudinal  resonance  frequency  of 
the  reference  body  coupled  to  the  laminate. 


Figure  9 Results  of  table  8 expressed  as  changes  of  the  basic  longitudinal 
resonance  frequency  of  the  reference  body. 


table  10 


[ Reference  body 

Resonance  frequency 

kHz 

Diameter  cm 

Thickness  cm 

3.8 

2.54 

89.7 

3.17 

2.54 

97.3 

1 2.54 

2.54 

86 

1.9 

1.27 

151 

1.9 

0.635 

367 

0.635 

0.635 

334 

0.95 

0.635 

290 

0.95 

0.95 

227 

Range  of  different  reference  bodies  (probes)  with  different  masses  and 
resonance  characteristics  as  used  In  practise. 
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Figure  11  Change  in  laminate  thickness  has  same  effect  on  resonance  peak  position  as 
void  at  equal  level  under  top  surface, 

TABLE  12 


Figure  13 


Typical  correlation 
diagram  between  laminate 


thickness  and  frequency 


shift  for  Fokker  Bond 
Tester  probe  3814. 

Note  considerably  smaller 
shifts  due  to  special 
resonance  characteristics 


of  transducer 


to 


Wave  velocity  C 


Resonance,  frequency 


cm/sec 


for:  C 


Influence  of  variation  of  wave  velocity  on  the  resonance  frequency  of  probe 


on  2 mm  laminate  over  a range  between  3.5  x 10  cm/sec.  (equal  to  void  free) 
and  2.25  x 10^  cm/sec.  (equal  to  approx.  5%  porosity). 


• «ll>  -t 

1 ^ - «4  . 

M 

Figure  14  a,  b,  c,  d,  U.S.  C-scan  at  10  mHz  of  the  same  3 mm  thick  carbon  fibre  epoxy 

laminate  recorded  at  four  different  attenuation  levels  with 
intervals  of  2/3  dB  between  levels. 



7/40  L 7/40  L 6/40  L 7/40  L 6/40  L 6/40  L 6/40  L 6/40  L 6/40  jb  7/40 

1 

.I;.l/1?0  ,L_5/4P.  L 6/40.  L.2/_40  L.e/W  J,.  6/4fi.  jb  .6/_40_ 

I 7/40  b 6/40  b 5/45  b 3/50  b 6/30  b 0/65  L 1/40  L 6/45  L 6/45  jb  6/40' 


b 8/35  L 7/40  b 6/40  L 7/40 |b  6/40  b 5/40  R 1/60  b 6/45  L 6/45  jb  6/45' 
b 9/35  b 7/40  b 6/40  b 6/45 |b  6/45  b 6/50  b 6/40  L 6/45  L 6/40  j b 6/45 


Figure  15  Fokker  Bond  Tester  readings  with  probe  no.  3814  of  same  panel  of  Figure  14 
showing  frequency  shift,  from  290  kHz  (b  is  positive;  R is  negative) . 
Second  figure  is  relative  impedance. 


Figure  17  a Large  graphite-epoxy  skin  l^lIninate  for  B-1  stabilizer  in  which  the 

resonance  method  has  been  applied  extensively  for  analysis  of  voids  in 
particular  on  depth  location.  (Courtesy  Grumman  Aerospace  Corp.) 


•ons  or  voids  by 


Resonance  frequency  peak  position  on  the  Fokker  Bond  Tester  A-scale  for 
the  probe  (reference  body)  in  contact  with  various  numbers  of  plies. 


Typical  frequency  peak  positions  to  be  obtained  on  a detail  of  the 
Douglas  DC-10  graphite  epoxy  rudder  (courtesy  McDonnell  Douglas  Corp. ) 
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SUMMARY 

The  individual  parts  of  the  Alpha  Jet  carbon  fibre  plastic  (CFRP)  airbrake  are  sub- 
ject to  non-destructive  testing  by  means  of  ultrasonics  and  X-rays  during  production. 
With  these  methods  it  is  possible  to  detect  flaws  in  laminates,  such  as  deleunlnatlons, 
inclusions,  cracks,  porosity,  pockets,  incorrect  grain,  and  density  differences  in  the 
laminates.  Also  adhesive  defects,  like  porosity,  bad  cohesive  bonding.  Inclusions  etc., 
in  CFRP/CFRP,  CFRP/alu,  and  CFRP/honey  comb  combinations  can  be  detected.  Quantity  and 
size  of  the  flaws  detected  are  reported.  Furthermore  the  experiences  gained  during  the 
inspection  of  the  prototype  airbrakes  by  the  time  of  the  report  are  described.  Prospects 
for  the  further  proceeding  in  this  field  form  the  conclusion  of  the  report. 


INTRODUCTION 


The  first  CFRP-part  being  produced  in  series  at  Dornier  after  a successful  prototype 
flight  test  is  the  airbrake  of  the  Alpha  Jet  (Fig.  1).  Other  CFRP-structures  of  the 
Alpha  Jet  such  as  the  rudder  and  the  elevator  are  still  in  the  development  stage.  These 
structures  are  planned  to  be  produced  in  series  at  a later  date  after  a successful  con- 
clusion of  their  flight  tests. 


The  most  important  components  of  this  airbrake 


the  airbrake  shell 
and  the  spars 


are  made  of  CFRP-slngle  laminates  and  bonded  with  each  other  (Fig.  2).  Apart  from  the 
design  development  of  the  fibre  construction  it  is  also  imp>ortant  to  keep  up  with  the 
reliable  detection  of  flaws  occurlng  during  the  production  process.  The  testing  of  the 
laminates  is  necessary  because  the  actual  material  and  thus  its  properties  only  develop 
during  the  processing  of  the  basic  material  (prepreg)  in  the  production  stage.  This 
lecture  will  report  on  non-destructive  tests  that  are  carried  out  with  the  series  air- 
brake at  Dornier.  The  incoming  inspection  of  the  basic  material  is  not  Included  herein. 


1.  POSSIBLE  FLAWS 


The  flaws  that  may  be  encountered  in  composite  construction  are: 

external  flaws  on  laminates 
Internal  flaws  in  laminates 
flaws  in  the  adhesive  joints 

Apart  from  external  flaws  on  laminates  as  for  Instance 

• damage 

• bad  surface 

• edge  splitting 

• surface  cracks 
etc. 
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that  are  visually  detectable,  non-destructive  testing  techniques  have  to  be  applied  for 
the  detection  of  the  other  flaws. 


1 . 1 FLAWS  IN  LAMINATES 


The  most  important  flaws  that  may  occur  in  a laminate  (Fig.  3)  are: 

• wrong  number  of  layers 

• wrong  positioning  of  layers 

• irregularities  due  to  curing  errors 

• voids 

• porosity 

• deleunlnatlons 

• density  variations 

• inclusions 

• cut  fibres 

For  the  first  two  flaws  there  is  a possibility  of  indirect  control.  In  the  case  of  an 
insufficient  number  of  layers  the  thickness  of  the  laminate  does  not  correspond  to  the 
desired  value.  Besides  that,  the  laminate  warps  because  of  the  asymmetric  layer  struc- 
ture. This  also  happens  if  individual  prepreg  layers  have  not  been  placed  properly.  The 
detection  technique  for  the  remaining  flaws  will  be  discussed  later. 


1.2  FLAWS  IN  ADHESIVE  JOINTS 

This  Includes  the  flaws  in  the  adhesive  itself  as  well  as  the  flaws  that  may  occur 
for  Instance  in  the  bonding  mould. 

Flaws  in  the  Adhesive 

The  most  important  flaws  are: 

• lack  of  adhesive 

• porosity  in  adhesives 

• thick  bonds 

• unremoved  protective  film 

• other  inclusions  in  the  adhesive 

Other  Flaws 

• bad  splice  bonding 

• wrong  position  of  the  components  in  the  bonding  mould 

• defective  cores 

• separated  cores 

• water  inclusions  in  the  cores 


2.  DETECTABILITY  OF  THE  FLAWS  OCCURING  DURING  THE  PRODUCTION  PROCESS 

Figure  3 and  4 shows  that  we  could  find  the  most  of  the  major  flaws  in  the  laminates 
by  means  of  ultrasonic  testing  and  radiography.  The  same  applies  to  bonding  errors. 
Depending  on  the  requirements  the  application  of  one  of  these  techniques  will  be  suffi- 
cient in  some  cases,  in  other  cases  both  testing  techniques  will  be  applied. 
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2.1  ULTRASONICS 


The  most  important  techniques  that  have  been  successfully  applied  at  Dornier  are  as 
follows: 


• through-transmisslon-lnspectlon 

- two  transducers  (transmitter  and  receiver) 
that  are  placed  opposite  each  other 

- reflector  plate  method 

• pulse-echo  inspection 

These  techniques  are  generally  known.  Therefore,  it  is  not  necessary  to  discuss  them  in 
detail. 

For  the  testing  of  series-produced  parts  it  is  advisable  to  use  semi-automatic  or 
fully  automatic  testing  equipment  for  the  gradual  scanning  of  the  test  piece  in  order 
to  obtain  an  exact  localization  of  the  flaws  (C-soan) . To  this  end  the  test  piece  is 
fully  immersed  in  water  (immersion  technique)  whereby  the  coupling  between  transducer 
and  test  piece  is  realized  through  the  surrounding  water.  It  is  possible  to  apply  the 
pulse-echo  technique  as  well  as  the  through-transmission  inspection. 

A more  complete  description  of  the  "through-transmission"  and  "pulse-echo"  test 
principle  is  shown  in  Fjg.  5. 

In  both  cases,  if  the  receiver  signal  is  less  than  the  writing  level  the  recording 
system  records  a "flaw".  Through  variation  of  the  writing  level  it  is  possible  to  record 
major  or  minor  flaws.  Fig.  6 shows  a C-scan  of  a laminate  recorded  by  pulse  echo  prin- 
ciple in  comparison  with  an  X-ray  picture  of  the  same  area.  If  the  writing  level  is 
about  32  % of  the  monitor  scale  the  C-scan  corresponds  absolutely  with  the  X-ray.  If  it 
is  lower  (25  %)  the  smaller  voids  are  not  recorded.  If  it  is  higher  (50  %)  more  minor 
flaws  are  recorded. 


We  found  advantages  in  using  of  such  test  equipment  with  a recording  system  for  the 
following  reasons: 

• quick  testing 

• high  reproducibility 

• recording  of  the  test  results 

• optimal  coupling 

Further  flaws  that  we  detected  by  means  of  ultra-sonics  are: 
in  laminates 

• delaminations  (Fig.  7) 

• porosity  (Fig.  7) 

• inclusions 

in  adhesives 


• lack  of  adhesive  film  (Fig.  8) 

• no  adhesive  bonding  (Fig.  8) 

• inclusions  in  the  adhesive  film 

• porosity  in  adhesives 


2.2  RADIOGRAPHY 

For  the  examination  of  CFRP-parts  long-wave,  faintly-penetrating  X-rays  are  necessary. 
The  proper  radiation  is  provided  by  an  X-ray  tube  with  a beryllium  window. 

The  detection  of  flaws  in  CFRP-laminates  is  rather  difficult  due  to  the  fact  that 
the  expansion  of  flaws  in  the  direction  of  the  radiation  is  very  small.  However,  if  the 


equipment  is  properly  adjusted,  even  the  smallest  flaws  can  be  detected  (Fig.  10).  We 
could  detect  many  halr-llke  voids.  They  run  lengthwise  of  the  grain  and  measure  about 
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0.24  X 0.24  itun.  The  small  porosities  have  an  even  smaller  expansion  of  about  0.1  x 0.1 
mm.  Fig.  11  gives  an  idea  of  the  efficiency  of  radiography.  Thickness  variations  of 
0.25  mm  are  easily  detectable  due  to  the  different  shades  of  grey.  Resin  rich  areas  and 
fibre  rich  areas  causing  change  of  density  could  also  be  located. 


Even  a paper  shred  that  has  been  placed  into  a l^unlnate  of  3 mm  appears  faintly  on 
the  X-ray  (Fig.  12).  Its  position  is  indicated  by  two  arrows.  In  the  adhesive  joints  we 
could  also  detect  the  following  flaws; 

• porosity  in  the  adhesive  film 

• defective  splice  bonding 

• core  deformations  (Fig.  13) 

• water  inclusions  in  the  cores  (Fig.  14) 

• wrong  position  of  the  components 


3 .  REFERENCE  STANDARDS 

Reference  standards  are  necessary  in  order  to  provide  adequate  calibration  of  testing 
equipment  used  on  production  hardware.  These  standards  should  contain  of  the  required 
sizes  as  specified  by  the  acceptance  criteria.  The  standards  duplicate  the  configuration 
and  cross  sections  of  the  production  part  with  identical  facing  sheets,  core,  adhesive, 
etc.  Fabricated  within  these  standards  are  defects  of  known  dimensions  which  allow  us 
to  establish  optimum  equipment  calibration. 


All  standards  are  carefully  sealed  to  prevent  water  or  couplant  leakage. 


4 .  ACCEPTANCE  CRITERIA 

Because  of  the  variation  of  stress  levels  for  different  components  and  different 
areas  of  the  same  component  during  flying,  we  subdivided  the  airbrake  to  several  areas 
and  defined  different  acceptance  criteria  for  each  area. 

These  criteria  were  defined  in  accordance  with  tests  with  parts  and  samples  which 
have  the  same  sizes  of  flaws  as  those  which  are  acceptable. 


5.  INSPECTIONS  DURING  SERVICE 


We  have  inspected  four  prototype-airbrakes  by  means  of  ultrasonic  and  X-ray  after 
about  two  years  of  flying  tests  with  the  prototype  airplanes.  We  couldn't  find  any  change 
with  respect  to  the  Initial  state.  In  order  to  examine  the  behaviour  of  the  CFRP-air- 
brake  in  long  term  operation  we  planned  an  extensive  inspection  programme. 

The  operating  result  of  the  airbrake  shall  be  controlled  and  recorded  for  a limited 
number  of  aircraft  of  the  flying  units  of  the  German  airforce.  According  to  the  programme 
2 to  4 airbrakes  each  will  be  dismantled  after  certain  operating  times  (1,  2,  3,  4,  5 
and  6 years)  in  order  to  examine  whether  there  have  been  any  changes  in  the  overall 
structural  behaviour  and  the  material  properties. 


To  this  end  a detailed  logbook  will  be  kept  and  a thorough  inspection  exceeding  the 
normal  inspection  standard  for  all  structural  units  will  be  carried  out  in  order  to  de- 
tect any  change  with  respect  to  the  original  state.  Destructive  tests  with  samples  taken 
from  airbrakes  which  have  been  in  operation  for  up  to  6 years  are  planned  in  order  to 
obtain  additional  information  concerning  possible  changes  of  the  material  properties. 
This  progrfunme  is  financed  by  the  departmental  section  RU  IV/1  and  RUFo  V of  the  Federal 
Ministry  of  Defence. 
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6.  PROSPECT 

By  means  of  these  examples  we  have  reported  on  the  possibilities  of  radiography  and 
ultrasonics.  Although  the  field  of  application  is  still  rather  new  it  is  already  possible 

to  detect  a large  number  of  major  flaws  with  the  above  mentioned  techniques  and  equip- 
ment. The  adaption,  further  development,  and  new  development  of  testing  techniques  and 
testing  equipment  for  the  CFRP-materlal  will  certainly  Increase  the  possibilities  and 
further  improve  the  reliability  of  the  test  results. 

So  far,  for  Instance  neutron  radiography  has  only  been  applicable  in  the  laboratories 
of  the  nuclear  power  plants.  According  to  the  latest  information  neutron  radiography  plants 
are  already  being  developed  as  series  production  equipment  for  Industrial  use. 

Another  example  is  the  fact  that  we  are  presently  testing  the  improved  application 
of  radiography  for  the  assessment  of  the  bonded  joints  quality.  This  is  done  by  means 
of  the  addition  of  an  absorption  substance  to  the  adhesive  whereby  the  detectability  of 
defective  adhesive  joints  is  improved.  These  tests  are  carried  out  in  cooperation  with 
the  RUFo  V of  the  Federal  Ministry  of  Defence. 

Based  on  our  investigations  we  believe  that  the  problem  of  the  economical,  non-de- 
structive testing  of  CFRP-parts  can  be  solved  in  accordance  with  the  reoulrements  of 
quality  assurance. 
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SUMMARY 

In  the  current  technology  programs  BFRP  and  CFRP  composite  structures  are  in  development.  The 
experiences  on  non-destructive  testing  gained  out  of  this  work  are  presented. 

The  non-destructive  testing  is  carried  out  on  semifinished  parts  as  well  as  on  composite 
structures  during  the  different  stages  of  fabrication  process.  The  following  test  methods  and  de- 
vices have  been  investigated  and  applied:  soft  X-ray  technique,  ultrasonic,  acoustic  flaw  detector, 
sonic  resonator,  holography,  and  tapping  test. 

It  will  be  shown  what  kinds  of  faults  in  which  dimensions  are  found  in  a composite  part  with 
the  above  mentioned  test  methods.  Finally  the  capacity  of  the  mentioned  test  methods  for  practical 
use  will  be  critically  discussed. 


1.  INTRODUCTION 

VFV-Fokker’s  technology  programs  embrace  the  manufacture  of  various  fibrous  composite  parts. 
Shown  in  fig.  1 is  one  of  them,  the  front  landing-gear  door  with  Nomex-honeycomb  core  and  Kevlar/ 
carbon  fiber  top  skin  for  the  short-haul  airliner  VFW  614. 

The  structure  of  a flight  spoiler  for  the  VF>  614  comprising  a boron  fiber  skin  and  Nomex- 
-honeycomb  core  is  substantially  more  complex.  Fig.  2 shows  a routine  check  of  the  spoiler  with 
the  acoustic  flaw  detector. 

Another  fibrous  composite  part  is  the  subsonic  intake  ramp  shown  in  fig.  3. 

This  ramp  consists  of  a sandwich  structure  with  aluminum  honeycomb  core,  2 mm  thick  CFRP  laminates 
as  top  skins,  and  aluminum  fittings  bonded  between  the  laminates  for  the  partial,  punctiform  force 
introduction.  The  build-up  of  the  subsonic  intake  ramp  is  shown  in  fig.  4. 

In  order  to  ensure  the  quality  of  these  composite  parts  various  non-destructive  test  proce- 
dures have  been  investigated  and  applied.  The  experience  gained  will  be  presented  in  this  paper. 

In  detail  only  the  non-destructive  test  procedures  performed  on  the  intake  ramp  will  be  explained, 
because  they  are  to  some  extent  representative  for  all  the  other  parts. 


2.  TEST  PHILOSOPHY 

The  selection  of  the  non-destructive  test  procedures  to  be  used  was  based  on  the  test  philoso- 
phy that  only  flaws  occurring  during  the  manufacture  of  the  individual  parts  or  during  the  assembly 
need  to  be  detected  by  means  of  these  procedures.  A reduction  in  the  quality  of  the  part  resulting 
from  poor  prepregs  will  be  safely  eliminated  by  other  test  procedures,  carried  out  before. 

Various  steps  are  necessary  to  manufacture  the  intake  ramp.  Thus,  the  semi-finished  products 
of  each  individual  operation  can  be  checked  applying  non-destructive  test  procedures. 

The  individual  operations  are: 

- manufacture  of  the  CFRP  laminates  (approx.  2 mm  thick); 

- bonding  of  the  laminates  to  the  aluminum  honeycomb  and  fittings 
including  GFRP  Z-sections  in  one  shot; 

- bonding  of  the  honeycomb  wedge  with  GFRP  top  skin  to  the  CFRP  top  skin. 

Quality  control  of  the  individual  operations  can  be  subdivided  into  two  phases,  the  first 

beinf  to  control  the  coapliance  with  the  optiaized  manufacturing  paraaeters  during  production* 
•at  evon  the  aost  careful  control  cannot  prevent  the  slipping  in  of  flaws  during  individual  opera- 
f leas*  Theiie  flaws  aust  be  detected  without  fail  by  aeans  of  adequate  NDT  aethods  during  the  second 

phase* 

•arise  *he  asnufseture  of  laainates  the  following  flaw  sources  are  possible: 

ressoss  are  possible  for  the  occurrence  of  single  voids  or  even  porosity  covering  a major 

**»•  - f fhe  laalsate; 

^ •wW  ‘St  filaments  may  occur  during  manufacture  of  the  laainates; 

fl«>a  may  result  In  a desor ientation  of  the  fibers  within  the  laminate,  but  also  in 

* . • a •md/ resis-starved  areas; 

mrm  possible  for  foreign  object  enclosures  in  the  laainate,  e*g*  residues  of 
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Further  flaws  may  occur  during  assembly  of  the  intake  ramp: 

- splice  defects  between  honeycomb/honeycomb  and  honeycomb/a luminum  fitting; 

- insufficient  bonding  between  CFRP  laminate  and  honeycomb; 

- unbonds  between  CFRP  laminate  and  aluminum  fitting; 

- unbonds  between  CFRP  and  CFRP; 

- delaminations  and  cracks  in  the  bonded  CFRP  laminate  due  to  subsequent  processing  operations; 

- crushed  cores. 

In  principle  several  NOT  test  methods  can  be  used  for  detection  of  the  flaws  mentioned.  We 
have  proved  the  following: 

- soft  X-ray  technique 

- acoustic  flaw  detector  from  Inspection  Instruments  Ltd. 

- ultrasonic  with  immersion  through-transmission  and  with  immersion  pulse-echo 

- tapping  test 

- sonic  resonator  from  North  American  Aviation 

- holography  with  real-time  (thermal  stressing)  and  with  time-average  (vibrate  stressing). 

The  indication  values  obtained  by  these  test  procedures  and  equipment  have  been  proved  by  us 
using  test  specimens  similar  to  the  parts  with  incorporated,  well  defined  flaws. 


3.  TEST  SPECIMENS  WITH  DEFINED  FLAWS 

For  the  purpose  of  these  investigations  we  produced  several  of  the  test  specimen  types  shown 
in  fig.  5 with  differing  defined  flaws.  Various  methods  were  used  with  these  test  specimens  to 
simulate  as  realistic  as  possible  flaws  of  the  type  described  earlier. 

Apart  from  these  test  specimens  we  also  made  a so-called  step  wedge  as  well  as  penetrameters 
of  CFRP  laminates  with  differing  thicknesses  which  are  shown  in  fig.  6.  These  small  CFRP  laminates 
were  provided  with  4 holes  having  once,  twice,  three  or  four  times  the  diameter  of  the  respective 
laminate  thickness.  The  penetrameters  used  for  the  investigations  were  0.1,  0.2,  0.4,  0.6,  0.8  and 
1.0  mm  thick. 

With  the  test  specimens  we  were  able  to  prove  the  detection  sensitivity  of  the  various  test 
procedures.  The  experience  gained  with  be  detailed  below. 


4.  X-RADIOGRAPHY  ( SOFT  RAYS) 

Due  to  its  physical  principle,  X-radiography  indicates  density  differences  in  the  specimen. 
Therefore,  it  can  be  used  to  indicate  voids,  inclusions,  broken  or  cut  filaments,  resin-rieh  or 
resin-starved  areas  as  well  as  fiber  orientation  in  the  laminates  if  the  resulting  density  diffe- 
rences produce  a radiation  attenuation  sufficient  to  cause  a contrast  on  the  film.  As  the  density 
of  CFRP  laminates  is  substantially  lower  than  that  of  metals  normally  to  be  tested,  the  density 
differences  which  may  be  produced  by  flaws  and  which  will  have  to  be  resolved  are  much  less  di- 
stinct. 

Therefore,  the  flaws  in  laminates  cannot  be  resolved  with  normal  radiation  energies.  In  order 
to  determine  radiation  energies  sufficient  to  obtain  an  adequate  contrast  on  the  film,  an  exposure 
chart  was  established  for  the  CFRP  wedge.  The  resulting  values  show  that  - dependent  upon  the  lami- 
nate thickness  - the  required  radiation  energy  must  be  between  10  to  30  KV. 

Radiographs  of  various  CFRP  laminate  thicknesses  with  superimposed  penetrameters  were  produced 
in  order  to  determine  the  void  sizes  that  can  be  detected  at  different  laminate  thicknesses  with 
soft  X-rays.  For  these  radiographs  the  penetrameters  were,  as  practised  with  metals,  superimposed 
on  the  side  turning  away  from  the  film.  The  radiographs  thus  produced  were  used  to  determine  the 
safely  and  the  only  just  percept'ble  hole  diameter  of  the  various  penetrameters.  The  results  are 
shown  in  fig.  7.  The  behavior  of  the  curve  indicates  that  the  detectability  of  the  relative  void 
size  increases  with  the  laminate  thickness.  Altogether,  the  resolvable  void  size  is  inferior  by  a 
factor  of  2 - 3 compared  with  that  which  is  normal  to  metals.  This  must  be  attributed  to  the  inho- 
mogenous  laminate  structure.  So  this  test  technique  permits  the  safe  detection  of  single  0.4  dia- 
meter voids  at  a laminate  thickness  of  2 mm  or  0.8  mm  diameter  voids  at  8 mm  thickness. 

Another  test  with  X-radiography  was  meant  to  determine  areal  inclusions,  such  as  residues  of 
unremoved  protective  films,  that  may  be  detected  in  a laminate. 

Fig.  8 is  a radiograph  of  a 2 mm  thick  CFRP  laminate  of  a density  y : 1.57  g/cm^  including  a 
25  urn  thick  Teflon  film  of  a density  r = 2.1  g/cm  . The  percentual  difference  of  the  areal  density 
in  this  radiograph  is  0.51  %. 

Fig.  9 shows  the  percentage  differentiable  areal  density  that  can  be  detected  as  a function  of 
the  laminate  thickness.  The  results  show  that  inclusions  having  a diameter  of  more  than  5 mm  and 
causing  a differentiable  areal  density  of  0.5  % can  be  safely  detected.  The  limit  detectability  is 
0.2  %.  So  this  radiographic  technique  permitted,  for  example,  the  detection  of  Teflon  spray  simu- 
lating a poor  bonding  quality  in  the  middle  of  2 mm  thick  laminates  (flaw  diameter  approx.  30  mm). 

X-radlography  with  soft  X-rays  is  also  suitable  for  the  investigation  of  fiber  orientation 
which  is  most  important  for  the  strength  and  stiffness  behavior  of  the  laminate.  With  thin  lami- 
nates (approx.  2 am),  the  direction  of  the  fibers  is  often  directly  visible  on  the  radiograph;  but 
this  is  not  true  for  thicker  laminates.  However,  a control  of  the  manufacturing  process  is  possible 
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by  incorDorating  - parallel  to  the  tape  direction  - single  thin  glass  fibers  with  a density  y * 

2.5  g/cur  or  single  carbon  fibers  vapor-deposited  with  a heavy  setal  (such  as  cadaiua)  when  pro- 
ducing the  laainate*  These  fibers  sake  it  possible  to  see  the  shifting  of  the  carbon  fibers  on  the 
radiograph*  Fig*  10  shows  a radiograph  of  a 2 aa  thick,  unidirectional  CFRP  laainate  with  cadaiua- 
-vapor-deposited  carbon  fibers  incorporated  parallel  to  the  direction  of  the  fibers.  This  laainate 
was  so  fabricated  that  the  carbon  fibers  changed  their  direction*  That  was  to  check  whether  the 
individual,  cadalua-vapor-deposited  carbon  fiber  would  behave  in  the  saae  aanner  as  other  fibers* 

The  radiograph  proved  just  that.  Therefore,  this  aethod  offers  a good  opportunity  to  subsequently 
determine  very  accurately  the  fiber  orientation  at  locations  critical  with  regard  to  aanufacture* 
Here  we  have  proved  carbon  fibers*  When  we  have  to  prove  boron  fibers,  there  is  no  problea,  because 
the  tungsten  core  in  the  filaaents  has  a high  density. 

Flaws  such  as  crushed  cores  and  splice  defects  between  honeycoab/honeycoab  as  well  as  honeycoab/ 
aluainum  fitting  cannot  only  be  easily  determined  in  laminates  but  also  on  the  finished  part*  But 
these  methods  generally  do  not  require  low  radiation  energies* 


5*  ULTRASONIC  INSPECTION 

Non-destructive  ultrasonic  material  inspection  comprises  the  introduction  of  an  ultrasonic  beam 
into  a material  and  the  measurement  of  its  change  after  having  passed  the  material*  Thus  ultrasonic 
inspection  can  be  used,  as  a general  principle,  for  the  detection  of  any  material  flaws  changing 
the  propagation  of  ultrasonics  in  a way  other  than  that  of  the  basic  material.  Propagation  within 
a material  will  be  influenced  by  several  factors  such  as  absorption,  dispersion,  diffraction,  re> 
fraction,  and  reflexion.  Therefore,  the  procedure  is  suitable  for  the  detection  of  voids,  inclusions, 
poor  bondings,  delaminations,  resin-rich  and  resin-starved  areas  as  well  as  crushed  cores*  Splice 
defects  can  also  be  determined  by  this  procedure*  For  the  present  testing  process,  the  indicative 
values  of  the  through-transmission  and  the  pulse-echo  techniques  w^re  checked* 

•9t 

In  the  through-transmission  technique,  a continuous  sound  wave  or  sound  pulse  is  emitted  by  a 
transmitter  and  - after  having  passed  the  workpiece  - picked  up  and  evaluated  by  a separate 
receiver.  Incoming  sound  intensity  or  sound  pressure  is  used  for  the  evaluation.  The  delay  time  of 
the  sound  pulse  is  of  secondary  importance  for  this  evaluation.  A uniform  probe-to-specimen  contact, 
however,  is  very  important  for  this  test  procedure  as  contact  fluctuations  of  both  probes  result  in 
considerable  indications  on  the  CRT  and  thus  produce  apparent  flaws.  In  order  to  avoid  problems  of 
this  kind,  the  investigations  were  carried  out  in  a water  bath  assuring  an  ideal,  uniform  probe- 
-to-specimen  contact.  This  system  was  used  not  only  for  the  testing  of  CFRP  laminates  themselves 
but  also  of  the  sandwich  structure  comprising  CFRP  top  skins  and  an  aluminum  core.  The  principle 
of  the  test  device  and  the  results  obtained  for  laminates  are  shown  in  fig.  11.  The  tests  were 
performed  with  a 5 MHz  probe  having  a diameter  of  10  mm*  The  results  can  undoubtedly  be  improved 
if  a focused  transmitter  is  used* 

The  same  test  setup  was  used  for  testing  the  assemblies*  For  the  aluminum  honeycomb  structure 
test  frequencies  of  2 MHz  as  well  as  5 MHz  were  used*  In  both  cases,  sound  energy  sufficient  for 
evaluation  was  picked  up  by  the  receiver*  On  the  other  hand,  tests  with  a spoiler  comprising  a 
boron  top  skin  and  a Nomex  honeycomb  core  showed  that  at  5 MHz^only  insufficient  energy  reaches 
the  receiver*  The  results  for  2 MHz  of  the  through-transmission  technique  with  sandwich  test  speci- 
mens are  illustrated  in  fig*  12.  It  was  noted  that  the  sound  amplitude  in  the  receiver  varies  only 
slightly  for  flawless  areas.  However,  unbonded  areas  between  laminate  and  honeycomb  result  in  a 
considerable  amplitude  drop.  The  reason  for  this  is  that  the  ultrasonic  beam  is  reflected  at  these 
points  resulting  in  a considerable  attenuation.  But  splice  defects  are  also  detected  as  the  absorp- 
tion at  these  points  is  smaller  than  with  a good  spliced  connection  due  to  lack  of  splice  material. 
The  smallest  test  effect  was  noticed  with  crushed  cores;  however,  it  s^ill  exceeds  the  noise  level 
although  the  incorporated  honeycomb  flaws  were  relatively  small. 

The  test  results  obtained  with  the  pulse-echo  technique  for  sandwich  test  specimens  were  use- 
less. On  the  other  hand,  the  test  results  for  laminates,  and  particularly  CFRP  aluminum  bondings 
were  positive*  But  it  is  impossible  to  go  into  details  in  this  paper. 

Care  has  to  be  taken  in  the  case  of  both,  the  through-transmission  and  the  pulse-echo  techni- 
ques, that  no  water  enters  the  defective  areas,  particularly  unbonded  areas  and  delaminations,  for 
this  would  result  in  a much  less  apparent  flaw. 


6.  ACOUSTIC  FLAW  DETECTOR 

The  acoustic  flaw  detector  (fig.  13)  is  a device  used  to  measure  the  mechanical  impedance  of 
thin-walled  laminates  and  bonded  metal  sheets*  The  probe  of  the  device  is  provided  with  two  piezo- 
electric crystals,  one  of  them  acting  as  transmitter  and  the  other  one  as  receiver.  In  order  to 
excite  the  probe  so  that  it  generates  oscillations,  a sinusoidal  alternating  voltage  - its  fre- 
quency being  infinitely  variable  between  1 and  8 kHz  - is  applied  to  the  transmitter  crystal.  This 
transmitter  partially  excites  that  part  so  that  the  latter  generates  oscillations  which  are  direct- 
ly, i*e*  without  the  aid  of  a probe-to-specimen  contact  medium,  transformed  into  an  electrical 
signal  by  the  receiver  crystal*  This  input  signal  passes  various  amplifier  stages  and  may  be  eva- 
luated not  only  with  regard  to  its  amplitude  of  oscillation  but  also  according  to  the  phase  position* 

Due  to  its  physical  principle,  this  device  can  be  used  to  detect  delaminations  in  CFRP  laminates 
or  unbonded  areas  of  the  laminate/honeycomb  and  laminate/aluminum  fitting*  The  operating  mode  of 
the  flaw  detector  requires  a representative  test  specimen  with  adequate,  defined  flaws  for  each 
bonding  combination  and  each  laminate  thickness*  The  test  specimens  are  used  to  check  whether  the 
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device  responds  to  flaws;  furthersore,  they  are  applied  to  achieve  for  each  flaw  type  optiaua  ad- 
Justaent  data  on  the  device. 

The  test  speciaens  aentioned  earlier  were  checked  by  aeans  of  the  acoustic  flaw  detector,  the 
results  indicating  that  delaainations  with  a diaaeter  of  more  than  15  aa  can  be  detected  without 
any  doubt  in  a CFRP  laainate.  However,  poor  bondings  siaulated  by  incorporating  Teflon  spray  could 
not  be  detected  quite  definitely.  Artificially  generated  delaainations  in  laainate  boundary  regions, 
on  the  other  hand,  were  easy  to  detect.  The  device  is  also  well  suitable  for  the  detection  of  un- 
bonded areas  between  laainate  and  honeycoab;  the  saae  applies  to  unbonded  areas  between  laainate 
and  aluainua  fitting.  In  both  cases  the  incorporated  flaws  of  20  aa  dia.  could  be  detected  beyond 
any  doubt.  Crushed  cores  were  also  partially  detected  by  the  acoustic  flaw  detector.  The  aajor  ad- 
vantage of  the  device  being  the  fact  that  no  contact  aediua  is  required  for  the  probe.  Measure- 
aents  showed  that  laainates  with  a thickness  exceeding  2.5  aa  assuae  a stiffness  obviously  strong 
enough  to  prevent  deeper  flaws  froa  being  safely  detected. 

It  aust  be  aentioned,  however,  that  the  operation  of  the  device  requires  a certain  skill,  for 
there  aay  occur  oscillations  in  thin-walled  parts  which  result  in  indications  but  are  no  real  flaws. 


7.  TAPPING  TEST 

The  tapping  test  can  also  be  used  to  detect  delaainations  and  poor  bondings.  In  general,  however, 
testing  with  the  acoustic  flaw  detector  is  aore  sensitive  and  less  dependent  on  staff. 


r 8.  SONIC  RESONATOR  (NAR) 

il  The  principle  of  this  test  device  is  based  on  the  fact  that  oscillations  of  the  crystal  in  the 

probe  depend  upon  the  elastic  behavior  of  the  structure  to  be  tested.  These  varying  oscillations 
i!  of  the  crystal  are  indicated  on  a aeasuring  instruaent  and  are  used  for  the  evaluation  of  flaws. 

Therefore,  any  kind  of  flaws  resulting  in  a partial  change  of  the  elastic  behavior  of  a part  can 
fl  be  detected  by  aeans  of  this  instruaent.  Noraal  test  frequencies  of  the  sonic  resonator  (fig.  14) 

are  in  the  threshold  range  between  audible  and  ultra  sound. 

.t 

ij  The  abilities  of  the  sonic  resonator  with  various  probes  were  investigated  by  aeans  of  the 

j existing  test  speciaens  with  defined  flaws.  Results  showed  that  poor  bondings  and  delaainations  can 

3 be  detected.  A sufficiently  large  flaw  indication  exceeding  the  noise  level  will  be  obtained  only 

) if  the  flaw  is  larger  than  or  at  least  as  large  as  the  probe  diaaeter.  As  the  probes  have  a rela- 

) tively  large  diaaeter,  only  unbonded  areas  and  delaainations  with  a diaaeter  of  aore  than  25  aa 

j can  be  safely  detected  by  this  device. 


9.  HOLOGRAPHY 

Non-destructive  testing  of  parts  by  aeans  of  holography  is  essentially  based  on  the  aasuaption 
that  faulty  parts  show  a different  surface  deforaation  under  load  than  faultless  parts.  If  this 
requireaent  is  aet  with  regard  to  the  test  procedure,  the  interference  pattern  of  the  part  under 
load  shows  irregularities  which  iaply  a flaw.  Several  photographic  techniques  can  be  used  to  estab- 
lish a holographic  interferograa.  The  success  of  this  test  procedure  depends  to  a great  extent  also 
on  the  kind  of  load  applied  to  the  part. 

The  known  test  speciaens  with  defined  flaws  were  subjected  to  two  different  kinds  of  hologra- 
phic tests  (fig.  15).  For  the  first  test  the  so-called  real-tlae  technique  with  theraal  loading 
was  used.  The  part  was  heated  either  on  its  front  or  on  its  rear  side  by  approx.  1-2  C by  aeans  of 
an  areal  radiator.  During  the  heating  phase  the  continuously  produced  interf erograas  were  stored 
on  a aagnetic  tape  via  a TV  caaera.  This  technique  enabled  us  to  deteraine  aost  of  the  defined 
flaws  as  such.  However,  there  were  other  irregularities  in  the  interference  pattern  of  the  inter- 
ferograas  which  aight  also  be  interpreted  as  flaws.  Furtheraore,  it  was  noted  that  even  parts  which 
had  to  be  called  flawless  showed  irregularities  in  their  interferograa  that  could  not  be  explained 
by  the  structure  of  the  parts.  On  the  whole,  it  Bust  be  said  that  it  is  very  difficult  to  interpret 
interferograas  clearly  as  the  flaw  indications  of  this  holographic  technique  do  not  differ  very 
such  froa  Indications  of  technically  acceptable  areas. 

Therefore,  another  holographic  aethod  was  investigated.  The  test  speciaens  were  excited  with  a 
piezoshaker  (up  to  150  KHz).  The  interferograa  was  photographed  by  aeans  of  the  so-called  tiae- 
-average  technique.  The  vibrations  applied  result  in  loops  and  nodes  on  the  surface  of  the  part 
thus  generating  a very  particular  Interference  fringe  pattern  on  the  photographic  plate.  With  this 
aethod,  flaws  in  the  part  are  detected  on  the  basis  of  irregularities  of  the  interferograa  due  to 
a changed  vibration  behavior  of  the  surface  as  shown  in  fig.  16.  It  can  be  seen  that  the  faulty 
area  is  clearly  Indicated.  This  aethod  will  be  further  Investigated  with  regard  to  the  present 
test  case. 


10.  CONCLUSION 

Our  investigations  showed  (fig.  17)  that  no  test  procedure  is  able  to  detect  reliable  every 
flaw  foreseen  by  the  test  philosophy.  Only  a coabinatlon  of  in  this  case  two  test  procedures  can 
be  expected  to  deteraine  any  flaws  with  sufficient  accuracy. 
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X-radiography  with  soft  X-rays  is  an  excellent  means  of  detecting  voids,  inclusions,  fiber 
direction,  resin-rich  or  resin-starved  areas,  splice  defects,  and  crushed  cores.  On  the  other  hand, 
delaminations  or  unbonded  areas  are  detected  only  if  produced  by  an  inclusion. 

Ultrasonic  inspection  within  the  through-transmission  technique  is  well  suitable  for  the  de- 
tection of  delaminations  and  poor  bondings;  the  other  flaws  described  will  be  detected  but  their 
indication  is  considerably  inferior. 

If  these  two  test  methods  are  combined  in  a sensible  way  for  the  non-destructive  testing  of 
individual  workpieces  or  the  entire  part,  then  the  safe  detection  of  all  relevant  flaws  having  a 
technically  sufficient  size  poses  no  problem  at  all.  Thus,  the  quality  of  a part  is  adequately 
assured  after  its  completion  by  means  of  non-destructive  test  methods. 

The  continual  on-line  maintenance  inspection  of  a part  is  quite  a different  thing;  the  appli- 
cation of  the  two  methods  suitable  for  production  control  is  very  limited  as  far  as  a continuous 
non-destructive  inspection  during  maintenance  is  concerned. 

At  present,  the  other  test  methods  investigated  have  to  be  used  in  such  cases  although  their 
indicative  value  is  far  from  being  adequate,  as  our  investigations  have  shown.  Therefore,  it  is 
our  opinion  that  we  need  improved  non-destructive  test  facilities  for  the  current  maintenance 
work. 


Vra  614  FRONT  LANDING-GEAR  DOOR  with  NOMEX  HONEYCOMB  CORE  and  KEVLAR/CARBON  FIBER 
TOP  SKIN 


Figure  2.  VFV  614  FLIGHT  SPOIUR  with  NOMEX  HONEYCOMB  CORE  and  BORON  FIBER  SKIN 
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Figure  7.  DETECTABILITY  of  VOIDS  in  CFRP  LAMINATES  by  SOFT  X-RAY  TECHNIQUE 


Figure  8.  RADIOGRAPH  (10  KV)  of  a 2 nn  thick  CFRP  UMINATE  with  INCLUSION 
(0,51  % DIFFERENCE  AREAL  DENSITY) 
and  PENETRAMETERS  0,2;  0,4;  0,6  na  thick 
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Figure  9.  DETECTABILITY  of  DIFfERENT  AREAL  DENSITIES  in  CKRP  LAMINAIES  by  SOFT  X-RAY  TECHNIQUE 


Figure  10.  RADIOGRAPH  (10  XV)  ot  a 2 mm  thick  UNIDIRECTIONAL  CFRP  UMINATE 
with  CADNIUM-VAPOR-DEPOSITED  CARBON  FIBERS 


TEST  with  ACOUSTIC  FLAW  DETECTOR,  OPERATING  FREQUENCY  1-8  kHz 
(DOES  NOT  REQUIRE  LIQUID  COUPLANT) 


Figure  14.  TEST  with  SONIC  RESONATOR,  OPERATING  FREQUENCY  > 15  kHz 
(DOES  REQUIRE  LIQUID  COUPLANT) 
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Figure  15.  APPLIED  TEST  METHODS  by  INTERfEROMETRIC  HOLOGRAPHT  (HNDT) 
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Figure  16.  COMPARISON  between  FOUR  HOLOGRAPHIC  INTERFEROGRAMS  by  DIFFERENT  VIBRATIONAL 
AMPLITUDES  (U) 

LAMINATE  THICKNESS  ; 2 mm 
VIBRATION  FREQUENCY:  3.55  kHz 
DELAMINATION  DIA.  : 20  ■■ 

(TIME-AVERAGE,  VIBRATE  STRESSING) 
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Figure  17.  CORRELATION  of  NOT  RESULTS  for  BUILT-IN  DEFECTS 


SESSION  m 
Part  1:  Techniques 
Rapporteur’s  Report 

by 


W.N.Reynolds 

Nondestructive  Testing  Centre 
AERE  Harwell 
Oxon,  UK,  0X1 1 ORA 


1 . SUMMARY  OF  PAPERS 

The  gratifying  continuation  of  interest  in  the  Nondestructive  Inspection  of  fibre-reinforced  composite  materials  is 
well  attested  by  the  three  papers  which  have  been  received.  These  papers  are  all  of  widely  differing  kinds. 

Mr  Kaitatzidis  of  Domier  shows  that  suitably  adapted  techniques  of  X-radiography  and  ultrasonic  pulse-echo  or 
transmission  attenuation  are  quite  capable  of  assessing  the  acceptability  of  laminates  and  simple  fabricated  structures. 
Although  he  does  not  give  details  of  the  operating  conditions  of  his  testing  equipment  or  the  flaw  criteria  adopted  for 
rejection,  the  results  quoted  are  comparable  with  those  in  the  literature.  The  importance  of  this  work  is  that  it  is  closely 
integrated  with  the  manufacturing  and  operating  programmes,  and  that  repeated  tests  will  be  made  systematically  on 
items  specially  taken  out  of  service  over  an  extended  period.  There  can  be  no  real  substitute  for  this  direct  empirical 
approach. 

Mr  Schliekelmann  of  Fokkers’  has  presented  his  current  ideas  about  the  application  of  his  well-known  Bond-tester 
to  the  problems  of  inspecting  composite  materials  and  structures.  Significant  points  are  that  it  is  being  used  in  important 
programmes  not  only  at  Fokker  but  also  by  Grumman  and  McDonnell  Douglas  NDI  departments,  and  that  it  is  regarded  as 
essentially  complementary  to  other  techniques.  This  attitude  is  very  reasonable:  it  is  unlikely  that  a three-phase  system 
(fibres-resin-pores)  could  be  adequately  inspected  by  a single  technique.  Just  as  the  Bond  Tester  has  often  shown  its 
value  in  the  monitoring  of  adhesive  quality  in  lap-joints,  so  it  has  been  applied  to  the  assessment  of  thickness,  porosity 
and  density  in  composite  materials  and  bonded  structures.  Again,  as  in  the  case  of  the  previous  paper,  the  true  value  of 
the  application  will  emerge  when  the  extended  test  programmes  on  structures  in  service  have  been  completed. 

The  paper  by  Dr  Stone  of  Famborough  is  concerned  with  the  range  of  techniques  available  for  the  inspection  of 
composites  rather  than  with  the  testing  of  specific  composite  structures.  There  is  no  point  in  repeating  the  arguments  in 
detail,  especially  as  much  of  the  work  discussed  has  been  published  in  detail  elsewhere,  but  it  is  significant  that  the  only 
techniques  widely  adopted  for  practical  inspection  of  sheet  material  on  the  shop  floor  are  variants  of  ultrasonics  and 
X-radiography,  as  illustrated  by  the  paper  of  Kaitatzidis.  Stone’s  summary  suggests  that  these  techniques  are  already 
reasonably  adequate  for  the  inspection  of  fairly  simple  structures  after  fabrication  and  useful  improvements  are 
continuing.  The  problems  which  require  most  urgent  attention  are  the  quantitative  evaluation  of  the  significance  of  given 
defects,  the  inspection  of  complex  structures  including  bonded  parts  and  the  study  of  the  effects  produced  by  service 
conditions  of  mechanical  impact,  fatigue  and  hydrothermal  degradation.  The  lack  of  a device  for  testing  adhesion  bond 
strength  is  also  a cause  of  embarrassment. 

Finally,  the  paper  by  Tober  and  Schnell  compares  the  detectability  of  various  artificial  manufacturing  defects  by  a 
range  of  possible  techniques,  but  again  concludes  that  a judicious  combination  of  soft  X-radiography  and  ultrasonic 
C-scan  gives  the  best  overall  coverage. 


2.  COMMENTS 

There  are  two  quite  different  approaches  to  the  problem  of  NDI  of  CFRP.  One  may  use  well  established  techniques, 
as  illustrated  in  this  session,  and  apply  them  to  fabricated  structures  as  part  of  general  flight  testing.  This  approach  has 
become  possible  only  fairly  recently,  but  it  is  analogous  to  the  development  of  NDI  for  metal  structures  in  the  past 
Alternatively  we  may  attempt  to  link  the  NDI  more  closely  with  the  scientific  analysis  of  composite  behaviour  in  terms  of 
such  studies  as  fracture  mechanics  and  fatigue  lifetimes.  The  first  approach  has  the  merit  of  practicality  but  could  lead  to 
serious  errors  and  misunderstandings  if  unexpected  modes  of  failure  occur.  The  second  approach  has  been  under  way  for 
some  time.  It  requires  close  collaboration  between  NDI  staff  and  other  sections  responsible  for  fabrication  and 
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mechanical  testing.  Yet  the  mechanical  signiHcance  of  particular  defects  remains  obscure  in  general  and  there  is  a daniter 
here  of  devoting  too  much  effort  to  the  elucidation  of  insignificant  problems.  It  is  also  a field  in  which  it  is  difficult  to 
preserve  scientific  ngoui.  Thus  there  is  much  information  in  the  literature  about  the  smallest  defects  detected  by  a given 

SX.  0“  vlw.  f-mTe 

A focal  point  in  this  work  is  the  investigation  of  shear  properties.  A recent  paper  by  Hancox  (1977)  has  now  eiven 
wme  quantitative  indication  of  the  effects  of  flaws  and  voids  on  shear  stiffness  and  strength  in  CFRP  rods  and  tubes 
TJe  effects  of  matrix  voids  on  the  velocity  of  propagation  of  ultrasonic  waves  can  now  be  calculated  with  precision 

^ere  is  thus  a prospect  of  a really  useful  relationship  being  established  between  ultrasonic  tests  and  shear  Length  which 
bears  on  flexural  and  compressive  behaviour.  xirengin  wmcn 

nra*  damage,  as  was  made  clear  at  a recent  conference  on  the  subject 

organired  by  the  Society  of  Environmental  Engineers  (1977).  Uniaxial  CFRP  is  remarkably  resistant  to  tensile  fatigue  but 
revere  degradation  is  caused  by  off-axis  or  shear  stresses.  Analysis  of  such  results  will  be  necessary  in  the  assessment  of 
fatigue  damage  in  complex  laminates.  In  particular,  short-beam  shear  test  results  are  not  adequate  for  this  purpose. 

3.  CONCLUSIONS 

that  the  time  is  now  ripe  for  a more  down  to  earth  empirical  approach  to  the  NDl  of  composite  materials 

sC^Ss  Some Lf?he  more  ad  ‘h  technology  and  theoretical  background  probably  justify  some' 

^ ! of ‘he  more  advanced  techniques  advocated  in  the  past,  such  as  optical  holography  and  acoustic 

emission  have  not  so  far  justified  the  extra  effort  and  expense  they  would  incur. 

"ced  for  making  the  applications  quicker  and  cheaper.  All  improvements  in  ultrasonic 
LmStes'*'***^^’  **'“"'"*  low-voltage  radiography  should  be  carefully  assessed  for  applicability  to 

of  «oiPh«'sed  that  substantial  advances  in  the  subject  are  most  likely  to  be  made  by  the  adoption 

of  integrated  programmes  in  which  the  NDl  is  carried  out  as  an  essential  part  of  the  other  studies  of,  for  example  fLcture 
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DISCUSSION  SUMMARY 
Session  III  - Part  I 


J.Quinn  (UK) 

There  is  a dramatic  increase  in  laminate  thickness  in  prospect  in  the  near  future.  In  the  UK  an  order  of  magnitude 
increase  from  5 mm  to  50  mm  in  laminate  thickness  is  expected.  I would  like  to  ask  whether  anyone  has  any 
experience  of  NDI  on  laminates  of  this  thickness,  and  whether  they  anticipate  any  new  problems  in  their  examination. 

G.Jube  (FR  - Session  Chairman) 

I think  your  question  is  very  pertinent  because  we  must  concentrate  on  NDI  methods  at  a very  early  state  of  the 
development  of  composites.  Up  to  the  present  these  materials  have  been  used  only  for  secondary  structures,  but  the 
high  cost  of  materials  means  that  the  weight  saving  will  only  have  significance  if  they  are  used  for  primary  structures. 
In  the  future  we  will  not  only  produce  very  thin  parts  (as  has  been  the  case  up  to  now)  but  we  shall  need  to  produce 
very  thick  parts  such  as  wing  skins,  and  that  is  the  problem  on  which  we  must  concentrate.  I do  not  feel  that 
checking  the  quality  of  sandwich  skins  I or  2 mm  thick  will  pose  a severe  problem,  but  I am  concerned  with  the 
application  of  these  techniques  to  thick  laminates. 

W.N.Reynolds  (UK) 

Mr  Schliekelmann  compares  his  measurements  with  the  Fokker  bond  tester  with  conventional  C-scan  ultrasonic 
measurements.  He  says  that  the  measurements  with  the  Fokker  instrument  depend  basically  on  the  elastic  modulus, 
and  changes  in  the  modulus  can  be  interpreted  in  terms  of  changes  in  porosity  concentration.  Information  of  both 
the  attenuation  and  the  elastic  modulus  are  available  from  the  C-scan  signal,  so  that  one  can  measure  both  the 
attenuation  and  the  time  delay  on  the  same  pulse.  Would  this  not  eliminate  the  necessity  of  using  the  Fokker  bond 
tester? 

R.J. Schliekelmann  (NE) 

The  experience  of  our  American  friends,  who  have  well-developed  C-scan  systems  available,  is  that  the  ultrasonic 
signal  is  scattered  by  the  presence  of  the  voids  and  so  the  real  dimensions  of  the  voids  are  not  accurately  defined 
by  the  C-scan.  For  this  reason  they  use  the  resonance  technique  in  order  to  define  more  precisely  the  size  of  the 
defect. 

With  regard  to  the  reliability  of  holography,  naturally  for  holographic  interference  interpretation  there  needs  to  be  a 
large  amount  of  experience  and  training  as  is  the  case  for  all  other  kinds  of  NDI.  Our  experience  with  the  system 
for  production  inspection  over  the  past  7 years  on  light  sandwich  structures  has  shown  that  the  system  is  revealing 
not  only  the  slight  defects  in  the  adhesive  layer  but  also  things  which  might  otherwise  never  be  seen,  such  as  slight 
inaccuracies  in  the  machining  on  honeycomb  core  and  node  bond  troubles  in  the  honeycomb. 

Using  the  holographic  interference  system  enables  us  in  a matter  of  30  minutes  to  Judge  the  soundness  of  a large 
adhesive  bonded  or  composite  component. 

D.E.W.Stone  (UK) 

I would  not  disagree  with  you,  but  it  would  be  useful  if  there  was  a means  of  de-sensitising  the  technique  from  time 
to  time  so  that  only  m^or  defects  could  be  revealed. 

J. R.Lee(UK) 

I would  like  to  raise  the  question  of  the  cost  of  the  NDI  of  composites.  Listening  to  a description  of  the  wide  range 
of  processes  that  are  being  used,  and  knowing  that  many  of  them  are  still  in  operation,  it  seems  to  me  that  the  cost 
of  NDI  on  a complex  composite  structure  must  contribute  significantly  to  the  total  cost  of  the  component,  particu- 
larly in  comparison  with  the  metallic  component  which  it  is  replacing.  I believe  that  the  enthusiast  for  composites 
often  neglects  this  cost  when  making  his  comparison  with  the  alternative  metallic  structure.  I wonder  if  any  of  the 
manufacturers  of  production  parts  could  give  us  an  indication  of  the  percentage  of  the  cost  which  is  taken  up  by 
NDI. 

M.Kaitatzidis  (GE) 

We  are  manufacturing  a composite  airbrake  and  the  cost  of  the  NDI  is  about  1 5%  of  the  manufacturing  cost.  For 
the  original  aluminium  airbrake  the  NDI  cost  was  about  7%. 

K. O.Sippel  (GE) 

Mr  Schliekelmann  showed  a very  large  component  approximately  I m by  6 m which  was  tested  by  holographic 
means.  I would  like  to  ask  whether  the  testing  was  done  in  the  laboratory  or  whether  it  is  the  intention  to  introduce 
this  method  in  the  normal  manufacturing  process? 
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R.J.Schliekelmann  (NE) 

The  installation  has  been  used  as  a full  scale  production  testing  unit  at  the  pre-production  stage  of  very  complex 
sandwich  components.  After  the  difficulties  of  its  introduction  were  overcome,  the  cost  which  was  involved  in  using 
this  holographic  technique  was  seen  as  no  longer  necessary,  and  the  installation  is  now  used  only  for  those  cases 
where  the  alternative  methods  show  questionable  results.  One  of  the  drawbacks  of  the  system  is  its  sensitivity  to 
foreign  vibrations. 

T.Sharples  (UK) 

In  Wing  Commander  Kent’s  paper  the  designers  were  warned  to  be  aware  of  the  need  for  NDl  in  the  future, 
especially  since  damage  tolerant  designs  will  be  very  firm  requirements  for  new  aircraft.  If  we  accept  that  carbon 
fibre  will  be  the  material  of  the  future,  and  if  we  believe  Dr  Stone’s  comments  that  there  is  little  chance  of  being 
able  to  detect  the  ingress  of  moisture  which  is  likely  to  be  very  damaging  to  adhesive  bonds,  then  the  designer  must 
react  in  some  way.  Their  approach  could  be  to  allow  for  the  maximum  possible  flaws  in  critical  areas  and  conduct 
enough  tests  on  representative  structures  containing  these  flaws  to  ensure  adequate  service  life  and,  of  course,  ensure 
that  during  manufacture  the  flaws  were  not  greater  than  those  assumed. 

D.E.Stone  (UK) 

I am  not  sure  that  I can  comment,  but  1 certainly  want  to  correct  the  initial  statement.  I did  not  say  that  there  was 
very  little  chance  of  detecting  moisture  ingress.  I said  that  despite  the  amount  of  work  which  has  gone  into  the 
materials  investigations  for  moisture  ingress  there  was  very  little  NDI  element  in  this  work.  I think  that  is 
reprehensible.  I believe  there  are  several  possibilities  for  detecting  moisture  ingress,  and  I hope  that  the  RAE  will  be 
making  its  own  contribution  to  this  topic. 

G.C.Deutsch  (US) 

I would  like  to  make  a philosophical  comment,  and  I am  not  really  sure  whether  it  concerns  NDI  or  quality  control. 
Everything  I have  heard  said  at  this  meeting  seems  to  be  aimed  at  discovering  discontinuities  in  a manufactured 
structure,  but  I have  heard  nothing  about  inspections  which  may  reveal  the  degree  of  polymerisation  of  the  resin 
or  the  degree  to  which  the  bond  is  of  high  quality.  It  seems  to  me  that  we  are  rapidly  approaching  the  time  when 
we  must  say  not  only  that  a component  is  free  of  discontinuities,  but  that  the  component  will  last  for  50000  hours. 
We  should  be  paying  more  attention  to  this  aspect. 

G.Jube  (FR  - Session  Chairman) 

The  methods  which  involve  a measurement  of  the  modulus  might  give  an  operational  answer  to  your  problem, 
particularly  in  so  far  as  the  degree  of  polymerisation  is  concerned. 

I have  a preoccupation  regarding  the  qualification  of  people  who  use  the  devices  which  have  been  described  at  this 
meeting.  The  indications  given  by  devices  which  measure  modulus  are  very  subjective.  There  is  not  a clear  “yes  or 
no"  answer  from  the  equipment,  and  this  poses  a problem  regarding  the  qualification  of  the  operator. 

I understand  that  in  some  countries  inspectors  are  being  qualified  at  various  levels  and  the  controller  of  the  various 
levels  is  called  on  to  decide  if  any  indication  can  be  interpreted  as  a serious  defect.  This  is  a human  aspect  which 
seems  very  important  to  me. 

G.A.Darcy  (US) 

The  US  Army  has  Just  entered  into  a certification  programme  for  its  technicians  at  Ic  Is  I,  2,  and  3.  The  highest 
level  (level  3)  will  be  in  charge  at  the  various  military  bases  and  will  oversee  the  establishment  of  tests  and  the 
certification  of  technicians  at  the  lower  levels.  We  are  also  giving  preliminary  thought  to  the  establishment  of  a 
level  4 for  professional  engineers. 

J.Mar  (US) 

It  seems  to  me  that  NDI  experts,  instead  of  obtaining  more  and  more  sophisticated  information  that  requires  training 
of  specialists,  should  concentrate  their  efforts  on  automation.  If  people  are  clever  enough  to  be  specialists  in 
evaluating  C-scan  output,  for  example,  then  I submit  that  they  will  get  bored  very  quickly,  and  it  is  well  nigh 
impossible  to  expect  the  same  man  to  be  looking  for  the  same  thing  day  after  day  with  the  same  level  of  success. 

At  one  USAF  base,  inspectors  have  the  tedious  task  of  looking  for  cracks  in  the  fan  blades  of  an  engine.  The 
Commander  of  the  base  offered  an  all-expenses-paid  weekend  at  Las  Vegas  for  anyone  who  found  a crack.  But  after 
a very  few  days  he  gave  up  the  idea  because  nobody  found  anything.  Even  with  this  incentive  they  could  not  keep 
the  inspectors’  interest  in  looking  for  flaws  that  occurred  only  once  in  every  10000  blades. 

G.Jube  (FR  — Session  Chairman) 

You  are  right  in  believing  that  automation  is  the  ultimate  answer  to  the  problem,  and  we  are  still  far  from  attaining 
this  goal.  We  still  have  to  fly  aircraft  manually,  and  it  will  be  a long  time  before  they  are  automatically  controlled. 

D.M.Fomey  (US) 

There  is  a standing  difficulty  in  choosing  who  should  be  an  inspector  and  who  should  not.  There  seems  to  be  very 
little  effort  to  determine  whether  Mr  Smith  should  be  an  inspector  at  all,  even  if  he  passes  the  initial  qualification 
test.  A colleague  of  mine  made  an  observation  one  day  that  he  thinks  the  best  inspector  would  be  a person  who 
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loves  to  fish  and  does  not  care  if  he  catches  anything  or  not.  He  needs  that  sort  of  patience  and  serenity  in  his 
makeup.  I doubt  if  any  of  us  have  the  time  to  consider  a project  to  solve  this  problem. 


There  is  a programme  (which  is  about  75%  complete)  in  the  USAF  in  which  we  are  taking  around  various  bases  in 
the  USA  a variety  of  aircraft  structural  parts  which  have  been  returned  because  they  are  full  of  fatigue  cracks 
initiated  during  normal  operation.  We  have  taken  these  pieces  of  structure  apart  very  carefully,  and  to  the  best  of 
our  ability  identified  where  the  cracks  exist  and  what  is  their  surface  length.  We  have  reconstructed  the  parts  and 
painted  them  to  make  them  look  like  regular  parts  which  have  never  been  dismantled.  We  have  used  these  to  test 
our  field  inspectors  on  a day-to-day  basis.  The  results  of  this  supposedly  clandestine  (but  very  well  known)  test  of 
these  inspectors  indicates  that  even  though  they  know  they  are  being  tested,  the  results  are  less  than  good.  Part  of 
the  problem  is  that  we  do  not  really  know  who  we  should  assign  to  the  task  of  inspection.  Some  of  our  data  tells 
us  that  the  length  of  training  dictates  the  quality  of  the  results,  but  if  you  plot  the  probability  of  detection  against 
the  number  of  hours  of  specialised  training  you  get  the  pattern  which  you  would  get  if  you  fired  a shotgun  at  the 
paper.  So  it  must  be  something  in  addition  to  these  factors  which  makes  a good  inspector,  but  we  do  not  have  a 
place  on  our  questionnaire  to  ask  “Do  you  love  to  fish  and  do  you  care  if  you  don’t  catch  anything?”  We  talk 
glibly  about  the  accuracy  of  our  techniques  carefully  measured  in  the  laboratory,  but  we  really  are  not  paying 
enough  attention  to  how  much  loss  of  accuracy  we  have  to  endure  when  we  hand  it  to  our  field  technicians.  As  a 
group  of  NDl  people  we  should  pay  some  attention  to  the  psychological  factors  which  must  be  involved  in  making 
a successful  and  reliable  technician.  If  we  can  pay  more  attention  to  these  human  factors  and  reduce  his  subjective 
impact  on  the  answer,  we  may  make  the  gains  for  which  we  should  be  striving. 

T.Gaymann  (GE) 

Our  experience  is  that  there  are  certain  types  of  people  who  are  fit  to  be  inspectors.  They  are  not  people  who  are 
very  clever,  and  I accept  that  you  have  to  watch  the  psychological  environment,  but  you  also  have  to  make  the  job 
very  attractive.  My  second  point  is  that  you  should  not  try  to  push  these  people  for  an  engineering  type  of  inter- 
pretation, which  is  the  point  Professor  Mar  was  making.  I think  you  have  to  have  inspectors  who  find  abnormalities, 
but  you  need  someone  else  to  make  the  interpretation.  You  cannot  combine  both  abilities  in  one  person. 


4 


i 


A.R.Bond  (UK) 

This  is  the  point  which  I was  making  in  the  last  session.  If  you  are  going  to  ask  people  to  make  very  detailed  inspec- 
tions and  give  them  powers  of  decision,  then  you  have  got  to  use  people  with  more  and  more  logic.  I was  using 
education  as  a measure  of  the  power  of  logic.  In  the  USAF  exercise  no  account  was  taken  of  the  education  of  the 
man,  and  the  point  I wish  to  make  is  that  either  the  inspection  process  has  to  be  automated  or  a more  highly 
educated  inspector  has  to  be  used.  What  we  have  done  is  to  add  peripheral  training  programmes  so  that  the  man 
does  not  just  do  a particular  job  but  has  an  interest  in  the  structure  around  about.  He  is  in  contact  with  the 
manufacturers  and  he  takes  an  interest  in  the  general  area,  not  just  in  a particular  bolt  hole. 

I.M.MaUy  (US) 

1 agree  that  this  is  a problem  of  human  nature.  You  can  improve  on  it  by  selecting  the  best  men  and  providing 
attractive  conditions,  wages,  education  and  so  on.  However,  the  increased  percentage  of  parts  requiring  close  inspec- 
tion and  the  introduction  of  composite  materials  dictate  automation,  and  many  of  us  believe  that  the  field  of  electo- 
nics  will  come  to  our  aid.  I disagree  with  my  British  colleagues  who  put  the  accent  on  investment  of  more  highly 
educated  operators  rather  than  on  machines. 

GJube  (FR  — Session  Chairman) 

The  discussion  has  reached  a very  high  human  level,  and  we  can  sum  it  up  by  saying  that  we  cannot  avoid  using 
human  capacities  for  quality  control  for  a long  time  to  come.  On  the  other  hand,  we  must  use  every  possible 
technique  to  relieve  the  operator  from  the  boring  part  of  his  work,  and  help  him  to  avoid  making  errors  due  to 
fatigue  and  the  routine  nature  of  his  job. 


ETAT  ACTUEl.  ET  EVOUTION  EN  FRANCE 
DU  cmnOIE  EG  STRUCTURES  D' AVION  EM  COie>CI6ZI!B3  CARBONE 
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I Un  certain  nombre  de  m^thodes  de  contrAle  non  destructlf  utlllsables  pour  le  oontrOle  des  structures 

■ d'avlon  en  cooposltes  sont  pass^es  en  revue.  Ces  nithodes  sont  actuellement,  solt  en  oours  d'4valuatlon, 

I solt  d^Jii  utlllsies  Industrlellement . Parml  ces  la^tbodes,  cells  qul  semble  le  mleux  adapt^e  au  contrflle 

des  rev^tements  monolltblques  est  le  oontr61e  par  ultrasons  en  transblsslon  avec  enreglstrenent  type  C. 

Pour  le  controls  des  structures  sandMlohs,  I'lnterf^roaftrle  holographlque  paralt  Stre  la  o^tliode  globale 
qul  devralt  ddboucher  sur  une  utilisation  Industrlelle. 

D'autres  mithcdes  peuvent  tfgalement  ttre  utllls^es  en  coopldment  pour  des  oontrftles  ponctuels. 

1 - IKTRODUCTION 

I Le  d^veloppeoent  de  I'emplol  des  composites  dans  les  structures  d 'avlons  et  en  partloulier  des  sandwlchs 

A rev^ementsen  fibre  de  carbone  et  ames  nlds  d'abellles  conduit  A revolr  le  problAme  du  contrOle  non 
destructlf  afln  de  1' adapter  A ces  mat^rlaux  nouveaux. 

! 

' Les  structures  avlons  que  nous  avons  A contrSler  sont  essentlellement  constitutes  de  rev^tements  en 

; fibres  de  carbone  , Inttgrts  dans  des  assemblages  rtallsts  par  collage  et  notamnent  dee  structures  compo- 

I sites  sandwlchs  telles  que  panneaux  sous  train,  Kansans,  dtrlves  etc 

Le  contrOle  final  sera  effectut  sur  I'tltment  termlnt  d' assemblage  mals  gtntralement  I'on  procAde  A 
des  contrOles  Intermtdlalres  A dlfftrents  stades  de  la  fabrication.  C'est  alnsl  que  I'on  examlnera  tout 
d'abord  les  rev&tements  afln  de  rechercher  des  dtfauts  Internes,  puls  les  assemblages  de  la  structure 
termlnte . 

Parml  la  panoplle  des  mtthodes  exlstantes  nous  allons  passer  en  revue  celles  qul  ont  donnt  les  mell- 
I leurs  rtsultats  au  cours  de  nos  essals. 

2 - PIECES  A CONXROiai 

2.1  - Composition  d'un  rev^ement  (Carbone-rtslne)et  dtfauts  reoherchts 

Un  revStement  est  compost  d'un  certain  nombre  de  plls  Imprtgnts  de  rtslne.  Les  plls  sont  drapts  de 
faqon  variable  et  cheque  pll  a une  tpalsseur  de  0,12^  nn  environ. 

I 

I Les  prlnclpaux  dtfauts  pouvant  affecter  les  rev^ements  sont  les  porosltts,  les  dtlamlnages,  les 

I Inclusions  ( oubll  de  stparat  eurs  par  exemple  ) , les  chevauchements  de  plls  ou  les  absences  locales  de  plls 

I ( mauvals  raboutages) . 

I 2.2  - Composition  d'une  structure  sandwich  et  dtfauts  recherohts 

i Les  structures  sandwlchs  dont  11  est.  questlm  Icl  sont  constitutes  essentlellement  de  revttements 

j carbone  et  d'Cme  en  nlda  non  mttalUque  (NOAEX).  Les 'bordures  sont  en  tltane. 

I L' assemblage  est  rtallst  par  collage  des  divers  tltments  constltutlf s . 

Les  dtfauts  susoeptlblas  d'ttre  renoontrts  sont  de  y types  : 

- dtfauts  dans  las  rev9tements  : ces  demlers  ayant  dtjA  ttt  oontrBlts  avant  assemblage,  on  ne  recher- 
che A oe  stade  que  les  dtfauts  apparus  pendant  I'assemblage  (essentlellement  des  dtlamlnages) 

- les  dtfauts  de  collage  aux  dlfftrents  nlveaux  : 

. revttements-  Nomex 
. revttements-  Tltane 
. Tltane  - Nomex 

- les  dtfauts  dans  I'tme  Noewx  (dtformatlons,  dtplaoements) 

Le  controls  des  sandwlchs  oarbone-epoxy-ncawx  pose  des  problAmes  trAs  sptolflques  A oe  type  de  struc- 
ture, structure  s'apparentant  oependant  aux  sandwlchs  A peaux  et  tmes  mttalllques. 

Cette  sptolflolltprovlent  de  la  nature  htttrogAne  des  peaux  , de  laur  grande  rlgldltt,  alnsl  que  du 
grand  coefficient  d'amortlssament  ultrasonore  de  I'tme  Nomex. 

Parml  toutes  les  mtthodes  dlsponlbles,  nous  avons  retenu  quatre  d'entre  ellas  qul  donnalent  les  mell- 
leurs  rtsultats  sur  nos  structures  i 

- la  radloff^phle 
- las  ultrasons 
- las  mtthodes  sonlques 
- I'holographle 
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3 - METHODES  DE  CXINTROIE 

3-1  - ContrOle  ultrason  par  transmission 

^ ^®  0“>^^r8l8  des  revfrtements  monollthlques.  oelle  qul  donne  le  acucloum 

^ matdrlau  eat  la  o^thode  ultraaons  par  transmission  avec  enreglstrement 

Principe  de  la  m^thode 

Inrsqu'un  falsoeau  ultrasonore  traversant  un  composite  rencontre  un  d^faut,  la  partle  du  falsceau 

l!!tepoartf!  i!  est  rdfidohle  et  renvoyrfe  en  partle  vers  le  palpeur  Os  partle  du  falsceau  non 

intercoptee  par  le  defaut  continue  son  ohemln  et  traverse  oomplfetement  le  composite. 

1.  ®®  ®"  analysant  les  <chos  r^fWohls,  solt  en  <tudlant 

la  dH^utlon  d amplitude  du  falsceau  transmis.  C'est  cette  demlitre  nrfthode  qul  est  dicrlte  id  et  que 
nous  utlllsons  pour  le  co^rfile  des  rev«tementa.  Elle  presents  I'avantage  de  permettre  le  oontr«le  du 
M^ement  s^  toute  aon  ^palsseur  ( meme  lorsque  cette  ^palsseur  est  faible)  alors  que  la  m^thode  par 
flexion  laisse  sutalster  des  zones  mortes  non  ccrntrOWes.  De  plus,  la  methods  par  transmission  se  prHe 
tres  bien  au  contrdle  autooatlque  aveo  enreglstrement. 

* ai^fes  simple  ou  double  transmission  dans  le  mat^rlau  est  analyst  et  une  cartoaraphle 

est  effectu^e.  le  nolrclssement  du  papier  <tant  function  de  I'amplltude  du  signal. 

Apparelllage  utilise 

L installation  utlllstfe  pour  ces  contrOles  conprend  s 

- une  cuve  remplle  d’eau  au  fond  de  laquelle  se  trouve  une  plaque  de  verre  jouant  le  rOle  de  riflecteun 

- un  syst^  de  balayage  permettant  le  d^plaoement  du  palpeur  sulvant  deux  axes  X et  Y 

- \m  syst^me  d enreglstrement  par  brOlage  de  papier.  Cet  enreglstrement  s'effeotue  par  niveaux  i 6 nlveaux 
de  grls  (allant  du  blanc  au  nolr  ) sont  obtenus  sulvant  I'amplltude  du  signal  recuellli. 

- palpeur  ultrasons  ^metteur^rdcepteur 

- apparelllage  ultrason  <qulp<  d'un  voltmfetre  digital  permettant  des  mesures  locales  d' attenuation  ultra- 
sonore  preoises. 

Prlnolpes  de  1 'absorption  dans  le  composite 

Le  falsceau  d'^trasons  emls  par  le  palpeur  traverse  le  composite,  se  refldchlt  sur  U plaque  de  verre 
et  aprSs  we  deuxlime  travers^e  du  composite  revlent  vers  le  palpeur  qul  Joue  k ce  moment  le  r8le  de  r^- 
oepteur.  A cheque  travers<e  d Interface  ( Interface  eau-oomposite  et  composite  eau,  reflexion  sur  le  verrd 
une  pcurtie  de  I'energle  est  perdue. 

, ^ mesure  de  I'att^nuatlon  se  fait  sur  I'^cho  correspondant  au  retour  du  falsoeau  apr^s 

rtflexlon  sur  ^ verre  en  oomparant  I'doho  recuellli  sans  composite  et  l'4oho  obtenu  aprfes  Interposition 
du  ooi^lto.  Dans  ces  conditions,  I'attrfnuatlon  dans  I'eau  et  les  pertes  par  transmission  dans  le  verre 
s snnulsnt. 

II  rente  done  s 

- 1 'attenuation  due  aux  reflexions  aux  Interfaces 

- 1' absorption  dans  le  composite 

- 1' absorption  duo  aux  ddfauts  dventuels 

, f^quonoe  de  5 Ufa  un  falsceau  fooallsd  A 50  mn  et  un  dlametre  de  falsoeau  de  3mm,  la  courbe 

d etalonnage  d un  composite  oarbone-rislne  peut  s'dorlre  aveo  une  precision  sufflsante  : 

AdB  “ n - 20  Kj  ( n-1  ) log  ( 1-C) 

®^®°  *dB  “ un  double  paroours  entre  un  trajet  dans  I'eau  sans  composite  et  le  m8me 

trajet  aveo  composite. 

- Attenuation  aux  Interfaces  + etats  de  surface 
Kg  • Attenuation  Intrlnseque 

n • Nombre  de  plls 

C • Taux  de  poroslte 

m Faoteur  de  forme 

Influence  du  palpeur  ultrasonore 

I*  type  de  palpeur  utilise  a une  grande  Importance  sur  les  oourbes  d'etalonnage. 

L'abeorptlon  depend  de  la  frequence,  msls  la  caracterlstlque  la  plus  Importante  du  palpeur  est  la 
geometrle  du  falsoeau  et  notaasent  la  dlamitre  dans  la  partle  active  (trajets  dans  le  composite  ). 

no»  atniotures.  nous  utlllsons  un  falsoeau  de  dlametre  ym  ( oompromla  entre  definition  et  sen- 
Slblllte  ) on  tel  dlaaktre  d autre  part,  n'est  pas  trop  sensible  k I'etat  de  surface,  oe  qul  n'est  pas 
forotfaent  le  oee  aveo  dee  faieoeaiK  plus  pontuele. 
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R^sultats  obtenuB 

la  plupart  des  d^fauts  ( tels  que  d^lamlnages)  presents  dans  les  revfrtements  apparalssent  de  faqon 
Claire  sur  les  enreglstreroents . Par  centre,  la  porosity  peut  varier  de  fapon  progressive  depuls  un  taux 
tr6s  falble  Jusqu'ii  des  poroslt^s  tr^s  loportantes . 11  a done  n^cessalre,  afln  de  pouvolr  dtalonner 
la  n^thode,  d'effectuer  des  enreglstrements  ultrasonores  sur  un  grand  nombre  d'dprouvettes  (dprouvettes 
de  reception,  ^tude  des  dlf Parents  paramfetres  de  fabrication,  etc ) afln  de  pouvolr  reller  les  attenu- 

ations ultrasonores  au  taux  de  poroslte  du  materlau  et  aux  caractdrlstlques  mecanlques.  Les  falbles  taux 
de  poroslte  n'ont  pas  d' Influence  notable  sur  les  caracterlstlques  mecanlques.  Par  centre,  dfes  que  I'on 
d^passe  quelques  les  caractdrlstlques  chutent  rapldement  et  d 'autre  part  la  tenue  au  vlellllsseinent 
risque  d'etre  fortement  affectee.  Actuellement,  nous  dlsposons  de  courbes  de  correlation  entre  amortls- 
sement  ultrasonore  et  taux  de  poroslte  et  les  crltferes  d ' acceptation  sent  deflnls  en  etrolte  collaboration 
avec  les  Bureaux  d 'Etudes. 

Cette  methode  ultrasonore  pour  double  transmission  avec  enreglstrement  type  C est  la  methode  de  base 
pour  le  contrdle  des  revetements. 

3 2 - Contrftle  ultrason  par  reflexion 

Coame  nous  I'avons  vu  precedeoinent,  le  eontrOle  d’un  composite  peut  s'effectuer  en  examinant  les 
echos  refiechls  par  les  defauts. 

Cette  methode  presente,  par  rapport  & la  precertente,  1 ' Inconvenient  de  lalsser  subslster  des  zones 
non  contrOiees  (zones  mortes)  prfes  des  faces  d'entree  et  de  sortie.  Par  oontre,  elle  ne  necesslte  que 
I'accis  d'un  seul  o8te  et  se  prfite  alnsl  parfaltement  blen  au  contrCle  sur  structure  assembiee  termlnee 
(contrOle  en  maintenance  notamment)  alnsl  que  dans  le  cas  de  structures  k raldlsseurs  Integres. 

Du  fait  des  falbles  epalsseurs  des  composites,  11  est  necessalre  d'obtenlr  des  zones  mortes  les  plus 
falbles  possibles.  Cecl  peut  Stre  obtenu  en  utlllsant  : 

- un  draetteur-r^cepteur  d'ultrasons  k trfes  haute  resolution 

- une  frequence  relatlvement  eievee  (10  mz) 

- une  base  de  temps  sufflsaiment  raplde  pour  etaler  sur  I'ecran  toute  I'epalsseur  du  composite 

la  technique  par  reflexion  peut  itre  utilises  solt  en  Isnerslon  avec  enreglstrement  de  type  C (C-Scan) 
solt  per  contact. 

L' Inmierslon  ne  s'avere  en  fait  Interessante  que  pour  les  composites  de  forte  epalsseur  du  fait  de  la 
dlfflculte  de  synchroniser  parfaltement  le  creneau  ii  I'lntdrleur  du  composite  ( accrolssement  de  la  zone 
morte  ) . 

la  methods  par  contact  donne  des  zones  mortes  de  I'ordre  de  O.^em  pris  de  la  face  d'entree  et  de 
0,3mm  pres  de  la  face  de  sortie.  C'est  une  methods  souple,  ne  necessltant  pas  d'apparelllage  compllcue. 

Elle  est  parfaltement  adaptee  au  contrOle  en  maintenance  et  permet  par  exemple  le  sulvl  du  contour  d'un 
defaut . 

3 3 - Courants  de  Foucault 

Les  proprietes  eiectrlques  des  materlaux  composites  sont  tout  e fait  dlfferentes  de  celles  des 
metaux  II  s'aglt  en  fait  dans  le  cas  des  fibres  de  carbons,  d'une  matrlce  non  conductrlce  renforcee  avec 
des  fibres  conductrlces  C.N.  CWSTMJ  (1)  a montre  que  les  defauts  modlflalent  localement  lea  proprl^t^s 
eiectrlques  du  materlau  et  qu'lls  pouvalent  alnsl  Otre  detectes  & condition  d'utlllser  des  frequences 
sufflsaoBient  eiev^es 

Nous  avons.en  utlllsant  cette  methods,  mis  en  evidence  des  oublls  de  separateur  dans  un  revttement 
monollthlque  de  4 plls  avec  accesslblllte  d'un  seul  cOte  Aucune  autre  methode  ne  nous  avalt  permls  de 
detecter  ce  defaut. 

3.4  - Radlographle 

Isi  radlographle  est  utlllsable  aussl  blen  pour  le  contrOle  des  monollthlques  que  des  assemblages 
sandwlchs.  Pour  le  contrOle  des  revOtements  monollthlques,  on  utilise  la  radlographle  basse  tension  et 
I'on  peut  detecter  les  defauts  sulvants  : 

- manque  local  d'un  pll 

- eoartement  local  des  fibres  dans  un  pll 

- chevauohement  de  nappes 

- raboutage  / 

- ecartement  de  msohes 

- heterogeneite  de  taux  de  reslne 

- Inclusions  metalllques 

- oubll  de  separateur 

La  detection  des  defauts  cites  cl-dessus  est  d'autant  mellleure  que  le  nombre  de  plls  est  falble. 

En  oe  qul  concerns  les  structures  sandwlchs  nlds  d'abellles,  la  radlographle  est  utilises  pour  la  detec- 
tion des  defauts  de  I'tme  NOMEX  (deformations,  accostage  Nomex-bordures,  posltlonnement  d'lnserts, 
ruptures  de  nlds  d'abellles,  etc.... 
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3.5  - Holographle 

L' Interf^roo^trle  holographique  puisqu'elle  permet  la  detection  de  14gers  d^placenents  de  la  surface 
d'un  objet,  est  done  capable  de  d^tecter  dee  d4fauts  dans  les  Joints  colWs  ou  des  d^lamlnages  dans  le 
rev^tement.  1«  coitrftle  de  structures  avion  par  cette  nrfthode  a d<Jli  iti  effeotu<  avec  sucoks,  notasnent 
par  FOKXSl  Hollande  (2). 

Nous  avons  effeotuk  des  essals  en  laboratolre  afln  de  determiner  les  modalltes  d 'application  de  la 
methode  k nos  structures,  les  rksultats  se  sont  rkveies  trfes  prooetteurs  , notasnent  en  ce  qul  ccnceme 
le  oontrOle  des  sandwichs  nlds  d'abeilles  et  ont  about!  k la  realisation  d'une  Installation  pour  le 
eontrftle  des  pales  d'heilcoptkres.  Pour  cette  Installation,  le  mode  de  contrainte  qul  a'est  reveie  le  plus 
Interessant  est  la  depression,  la  pale  ou  un  tronqcui  de  pale  etant  placde  dsuis  un  caisson  k depression. 

D'autres  essals  de  laboratolre  sont  egalament  effectues  afln  d’etudler  les  possibllites  de  mlse  sous 
contrainte  par  vibration  avec  analyse  en  tqfsps  moyenne.  Le  contrfile  par  Interferooetrle  holographique  nous 
semble  dks  k present  applicable  k un  certain  nombre  de  structures  en  utlllsant  un  laser  contlnu.  L' utili- 
sation de  lasers  pulses  qul  permet  de  s'affranchir  d ' Installations  encombrantes  est  exilement  en  cours 
d'etude.  I'utillsatlon  de  tel^  lasers  s'averant  Interessante  pou^  le  contrOle  de  plkces  de  grandes  dimen- 
sions et  pour  des  oontr61es  In  situ. 

L’ holographle  est  une  methode  trks  sensible  qul  permet  de  detecter  des  defauts  de  petltes  dimensions 
( surtout  dans  le  cas  des  rev*tements  minces).  La  definition  des  orltkres  d ' acceptation  nkcesslte  de  nom- 
breux  essals  en  collaboration  etrolte  avec  les  Bureaux  d'Etudes. 

3.6  - Ultrasons  pour  le  contrdle  des  Joints  coUes 

^ Pour  le  oontrOle  des  Joints  colles  (monollthlque/monollthlque  . monollthlque/metal.  monollthlque/nld 
d abeilles  Nomex)  ont  peut  egalement  utlliser  les  ultrasons  tels  qu'lls  sont  utilises  sur  les  structures 
metalllques.  o' est  k dire  en  examinant  la  oourbe  enveloppe  des  echos  multiples  provoques  par  le  Joint  de 
coUe. 

Cette  methode  presente  I'avantage  d'etre  simple  et  facile  k mettre  en  oeuvre. 

3.7  - Autres  methodes 

Un  certain  nombre  d'autres  methodes  sont  e^lemont  utllisees  on  complement  des  methodes  precedentes 
Ce  sont  notanment  : 

Fokker  Bond  Tester 
Sonic  Resonator 
Sondlcator 

4 - CONCLUSIONS 

Nous  venonc  de  passer  en  re-/ue  un  certain  nombre  des  methodes  utlllaables  pour  le  contrBle  des  compo- 
sites en  fibre  de  carbone.  Parml  cos  methodes.  certalnes  sont  dkjk  utllisees  de  facon  Industrlelle.  d'au- 
tros  sont  encore  au  stade  recherche  en  laboratolre.  Pour  chaque  type  de  structure  11  est  Interessant  de 
pouvolr  disposer  de  plusieurs  methodes  qul  pulssont  se  completer.  Par  exemple.  pour  le  oontrBle  des  rev#- 
tements  monollthlques.  la  methods  de  base  est  le  contrOle  par  ultrasons  en  transmission  avec  enreglstre- 

type  C.  Cette  methods,  globale.  foumlt  des  renselgnements  trks  Interessants . EUe  peut  fttre 
completes  ponctuellement  par  d'autres  methodes  telles  que  ultrasons  par  reflexion.  radlon>aphle  ou  courants 
de  Foucault. 

Pour  le  contrdle  des  structures  sandwichs  ou  autres  Joints  ooUes.  nous  pensa:is  que  1 ' holographle 
devralt  pouvolr  Jouer  le  rttle  de  methods  globale  . 

II  est  done  necessalre  de  poursuivre  les  essals  d' evaluation  des  dlfierentes  methodes  afln  da  pouvolr 
deflnlr  pour  chaque  cas  partlculler.  la  ou  les  methodes  k retenlr. 
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CSCAN  (DOUBLE  TRANSMISSION) 


FIOUKE  n*2 


Enreglstreoent  type  C plaque  d^feotueuse 


FIGURE  n'  4 

Hologramne  sandwich  oarbone-Noniex 

- RevStement  oarbone-r^slne  4 plls 

- Dimensions  ^prouvettes  30  x JO  cm 

- Dimensions  d^faut  5 x 5 cm 

- Solllcltatlon  : chauffage 


FIGURE  n°5 

Holograimie  sandwich  carbone-r^slne 

- rev#tement  oarbone-Hslne  4 plls 

- dimensions  d^fauts  50  x 50  mm  et  25  x 25  ram 

- solllcltatlon  i depression 
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RESUME  ; 


Actuellement  la  fiabilitS  des  structures  bobinSes,  notanment  celles  des  propulseurs  A propergol 
solide  est  assur£e  par  : 

- le  controle  reception  des  matSriaux  qui  repose  sur  les  essais  mScaniques  conventionnels  associSs  A des 
controles  physiques  et  chimiques  (spectrographie  infra-rouge  microcalorimStrie,  etc...)  pour  vSrifier 
le  niveau  de  pSremption  et  le  vieillissement  des  matiAres  organiques, 

- le  controle  non-destructif  des  sous-ensembles  et  des  structures  completes  qui  comprend  deux  phases  : 

la  detection  globale  par  thermographic  infra-rouge  suivie  de  la  caractSrisation  de  dAfaut  par  ultra-sons 
et  les  rayons  X. 

Nos  efforts  de  poursuite  en  matiAre  de  controle  inspection  sont  orientAs  dans  les  deux 
directions  suivantes  : 

- Alargissement  du  champ  exploratoire  des  moyens  : C.N.D.  : Etude  de  1 ' introduction  de  1 'holographic  et  de 
I'analyse  acoustique, 

- amAlioration  des  techniques  physico-chimiques  pour  une  meilleure  Avaluation  des  durAes  de  vie  des 
matAriaux  organiques. 
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PLAN  DE  L*  EXPOSE 

I.  INTRODUCTION 

2-  CONTROLE  RECEPTION  DBS  MATIERES  PREMIERES 

2.1  Base  du  systeme  actuel  de  controle 

2.1.1  Categories  de  produits  i controler 

2.1.2  Paramdtres  3 controler 

2.1.3  ProblSme  particulier  du  controle  de  la  p€gosit6  et  de  I’itat  de  fraicheur  des  produits. 

2.2  Perspectives  d'avenlr 

3.  IX  CONTROLE  NON  DESTRUCTIF  DE  RECETTE  DES  CORPS  DE  PROPULSEURS 

3.1  Politique  adoptSe  pour  le  controle  des  propulseurs  en  fibre  de  verre 

3.2  Moyens  mis  en  place 

3.3  Bilans  d exploitation  de  1 ' installation  de  controle  non  destructif 

3.4  Perspectives  d'avenir 

3.4.1  L'holographie 

3.4.2  L'analyse  acoustique 

3.4.3  Avant  pro jet  de  plan  controle 

4.  CONCLUSION  CENERAIE 


19-3 


1 


i 


I’ 


f! 


N 


1.  INTRODUCTION 


L'Etabliscement  Aquitaine  de  I'ACroapatiale  - Diviaion  Baliatique  et  Spatialc  eat  apicialiaC 
dana  I'dtude  et  la  rdaliaation  de  atructurea  d'engin  en  matdriaux  compoaitea. 

Cea  atructurea  d'engin  tria  aollicitdea  en  contraintea  mdcaniquea  et  thermiquea  noua  obligent 
A la  courae  pemanente  aux  pcrfonaancea  naaaiquea.  Notona  qu'en  ce  qui  conccme  lea  caractdriatiquca  ni* 
caniquea,  le  coefficient  de  adcuriti  adaia  a tti  liaitd  A 1,4. 

Four  aaaurer  le  aaintien  d'un  niveau  de  fiabilitd  dlevd,  il  a dtd  ndceaaaire  d'inatituer  un 
diapoaitif  de  Controlc  Qualiti  A toua  lea  niveaux  de  la  rdaliaation  dea  atructurea  d'engins,  depuia  la 
rdeeption  dea  satiArea  praniArea  juaqu'au  atade  final  de  la  atructure  avant  livraiaon. 

Noua  noua  propoaona  de  achdmatiaer  I'Ctat  actual  de  cea  aapecta  du  Controle  QualitC  et  enauite 
de  donner  un  aperqu  de  Icur  evolution  future  en  function  dea  recherchea  en  coura  et  dea  moyena  rdeetaewnt 
apparua  aur  le  marchd. 

2.  LE  CONTROLE  RECEPTION  DES  MATIERES  PREMIERES 


2. 1  Baae  du  ContrSle  Rdeeption 

AprAa  qu'un  matdriau  compoaite  ait  dtd  dvalud  et  caraetdriad,  par  le  laboratoire  natdriau  qui 
officialiae  aon  introduction  dana  la  chaine  induatrielle  de  fabrication  par  dea  apdcificationa  techni- 
quea,  il  eat  I'objet  de  controlea  de  rdeeption  ddfinia  par  dea  inatructiona  de  controle  uaine  (I.C.U.). 

2.1.1  Catdgoriea  de  produita  A contrSler 

Lea  conatituanta  dea  diffdrenta  inatdriaux  ae  rdpartiaaent  approxioativement  dana  lea  catdgo- 
riea auivantea  : 

(1)  - Lea  rdainea  (Epoxy  - phdnoliquea  - ailiconea  - imidea) 

- lea  rdactifa  et  durciaaeura  correapondanta, 

- lea  aolvanta, 

(2)  - lea  fibrea  et  tiaaua  aeca  (non  imprdgnda)  (verre  ailice  carbone  Kevlar...) 

(3)  - lea  matdriaux  prdimprdgnda  le  plua  gdndralement  de  rdainea  dpoxy  ou  phdnoliquea 

(4)  - Lea  collea,  filoa  de  collea  et  adhdaifa, 

(5)  - lea  caoutchouca 

2.1.2  ParamAtrea  A contrSler 


La  nature  organique  de  la  oajoritd  de  cea  produita  ndceaaite  la  aurveillance  de  paraaAtrea 
phyaico-chimiquea  en  plua  de  celle  dea  caraetdriatiquea  "ndcaniquea  ou  theraiquea  opdra- 
tionnellea"  qui  aont  directement  lidea  A I'aapect  fonctionnel  de  I'utiliaation. 

Noua  avona  rdaumd  dana  le  tableau  n*l  ci-aprAa,  lea  principaux  paraaiAtrea  A aurveiller  en  fonc- 
tion  dea  grandea  claaaea  de  matdriaux  ddfiniea  plua  haut. 

En  ce  qui  conceme  lea  controlea  mdcaniquea,  il  n'y  a paa  de  problAaea  particuliera,  lea  procea- 
aua,  aana  etre  ddf initivement  figda  ne  connattront  guAre  d'dvolution.  Ila  font  d'aillcura 
pour  la  plupart,  I'objet  de  normea. 

L'eaaai  hydraulique  de  "mini  capacitda"  qui  donne  lea  caraetdriatiquea  pratiquaa  bidirection- 
nellea  du  compoaite  n'eat  paa  encore  normaliad.  maia  il  eat  A notar  qua  le  fabricant  da  la 
fibre  noua  a auivi  dana  I'emploi  de  ce  type  d'dvaluation. 

Pour  lea  controlea  phyaico-chimiquea,  on  ae  llmite  actuellaamnt  A vdrifier  la  conformitd  chimi- 
que  de  certaina  produita  (dea  rdainea  et  certalnea  collea).  On  utlliaa  un  banc  de  apactrogra- 
phie  infra-rouge  qui  traduit  aoua  forme  de  diagramme  I'abaorption  dana  dlvaraea  valeura  de  lon- 
gueura  d'onde  auivant  lea  fonctiona  chimiquca  (OH,  NH,  CO...).  On  ae  borne  A vdrifier  quali- 
tativement  la  prdaence  dea  principaux  pica  en  ae  rdfdrant  A un  diagramme  dtalon. 

DerniArement,  il  a dtd  poaaible,  dana  une  colle,  de  ddtacter  la  prdaence  anormale  de  la  fonc- 
tion  OH.  Il  a dtd  ddmontrd  qua  cetta  anomalie  du  apectre  dtait  en  rapport  anrec  la  prdaence 
d'eau  dana  le  produit.  Lea  eaaaia  ndcaniquea,  par  aillaura,  dtaient  an  corrdlation  an  accuaant 
dea  valeura  de  ciaaillanent  an  daaaoua  dea  limitea  d' acceptation.  La  conjonction  dea  deux  contrS- 
lea  a gsandament  facilitd  le  rAgleaMnt  avec  le  foumiaaaur. 


1 


TABLEAU  RECAPITULATIF  DBS  PRINCIPAUX  CONTROIES  RECEPTION  MATIERES  Tableau 
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2.1.3  Et«t  de  fraicheur  et  de  p<go»it<  des  produits 

Cc(  deux  paramitreai  d'ailleura  plus  ou  moins  dSpendants  I'un  de  I'autre,  posent  des  diffi- 

cultds  du  point  de  vue  de  leur  (valuation  en  controle  qualitS  industrial. 

- contrSle  de  I'dtat  de  fraicheur  : il  n'y  a pas  actuellement  de  oesures  physico-chimiques 
directes  de  I'etat  de  pCremption.  Dans  une  certaine  mesure,  la  spectrographie  infra-rouge 
penaettrait  de  s'en  faire  une  idie  3 condition  de  pratiquer  I'analyse  quantitative  plus 
complexe  de  mise  en  oeuvre.  Actuelleisent,  on  se  borne  done  plutSt  S suivre  les  indications 
des  fournisseurs  relatives  aux  dates  de  pdremption  et  aux  conditions  de  stockage.  Des  essais 
nficaniques  d'iprouvettes  vieillies  artif iciellement  contribuent,  de  plus,  3 acc(der  3 une 
certaine  assurance  de  la  qualitS  en  peremption  des  produits.  Mais  trSs  fr(quemment,  ces 
essais  donnent  des  rdsultats  disperses  qui  genent  les  interpretations.  II  est  arrive  que  des 
produits  theoriquement  bons,  aient  donne  de  mauvaises  caracteristiques  par  cette  methc^e  et 
inversement.  II  n'y  a rien  d'etonnant  3 cela,  lorsque  I'on  (tablit  la  liste  des  paramStres 
dispersifs,  ne  serait-ce  qu'au  niveau  de  la  realisation  des  (prouvettes.  La  ndeessite  de 
controles  physico-chimiques  directs  de  I'etat  de  fraicheur  est  done  clairement  (tabli. 

- controle  de  la  pegosite  des  preimpregnes  et  des  films  de  colle  : 

De  I'etat  de  pegosite  depend  la  qualite  des  stratifies.  Elle  influe,  en  effet,  sur  I'apti- 
tude  3 la  mise  en  oeuvre  done  sur  la  stabilite  directionnelle  du  composite  et  sur  1' (volu- 
tion du  "flot"  de  la  matrice  c'est-3-dire  sur  son  taux  et  sur  les  porosites. 

II  n'y  a jamais  eu,  en  ddpit  de  nombreuses  tentatives  (parses,  tant  en  France  qu'3 
I'Etranger,  une  philosophie  nettement  degagee  sur  I'evaluation  de  I'Ctat  de  pegosite. 
Actuellement,  son  appreciation  reste  essentiellement  specifique  des  cas  d'utilisation  et 
surtout,  er3s  suggestive,  ce  qui  a parfois  de  fScheuaes  cons^uences  en  fabrication. 

Depuis  plusieurs  annees,  nous  nous  soasses  intdresses  3 cette  importante  question  et  avons 
surtout  cherche  des  solutions  mecaniques  au  problSme.  Les  conclusions  de  nos  travaux  nous 
amenent  aujourd'hui  3 envisager  1' introduction  de  moyens  de  mesures  physico-chimiques  en 
correlation  avec  des  tests  mecaniques.  Mais  il  serait  souhaitable  que  le  probKme  soit 
aborde  sous  un  aspect  plus  general.  En  ce  moment,  d'ailleurs,  le  laboratoire  central  de  la 
S.N.I.A.S.  reprend  ce  probKme  en  main.  Il  effectue  actuellement  une  vaste  campagne  d'infor- 
mation  pour  faire  le  point  avant  d'entreprendre  un  progranme  de  recherches  associant  diffe- 
rents  utiliaateurs  de  la  SocKte. 

Dans  I'immediat  et  dans  le  cadre  de  nos  applications  industrielles,  en  attendant  qu'une 
telle  entreprise  ddbouche  sur  des  applications,  il  nous  faut  rdsoudre  les  problSmes  latents 
qui  risquent  de  perturber  le  rychme  des  productions.  C'est  pourquoi,  avec  les  aioyens 
existants  au  laboratoire  et  sur  des  objectifs  3 court  tense,  nous  examinons  quelques  cas 
particuliers.  Notre  methode  consistera  3 rechercher  des  correlations  statistiques  entre  des 
classements  d'etats  de  pdgosite  apprecies  par  differents  manipulateurs  et  les  indications 
d'appareils  de  mesures  physico-chimiques  tels  que  le  D.S.C.,  la  chromatographie  sur  gel 
etc. . . 
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2.2  Perspective!  d'avenir 

II  ressort  done  de  I'snelyse  ci-detsus,  que  I'effort  doit  etre  portd  sur  I'scquisition  d'une 
meilleure  mettrise  des  peramitres  physico-chiaiques. 

En  prieabule  1 la  presentation  de  nos  projets  dans  cette  voie,  nous  ne  manquerons  pas  de 
souligner  I' importance  que  nous  voyons  i une  rationalisation  des  actions  dans  ce  genre  de  recher- 
che. II  serait  souhaitable  de  voir  arbitrer  cette  coordination  i I'Schelon  des  services  officials 
specialises  introduits  dans  de  nombreux  milieux  industrials. 

En  ce  qui  concerne  nos  etudes  futures,  nous  allons  done  plus  particuliireswnt,  examiner  la 
double  question  de  la  pegosite  et  I'etat  de  peremption  des  produita  dans  le  cadre  de  nos  besoins 
industriels  imsiediats,  et  en  liaison  avec  notre  laboratoire  central. 

Le  programme  de  travail  comportera  surtout  I'evaluation  de  techniques  de  mesures  physico- 
chimiques  (voir  le  tableau  n*  2)  dont,  certaines  coome  I'analyse  thermique  differentielle  (D.S.C) 
ou  la  chrematographie  sur  gel  sont  deji  en  application  pour  d'autres  suivia  industriels 
(definition  de  cycles  de  polymerisation  pilotage  de  polymerisations,  surveillance  du  degre  de 
geiification  des  resines  d' impregnation...),  mais  egalement  d'autres  recensent  apparues  sur  le 
marche  franqaia  comsie  les  mesures  de  didlectrique  ou  de  resistance  mecanique  et  eiectrique  des 
matiires  plastiques  comse  le  geiographe  ou  1' iongraphing.  Des  reptres  seront  etablis  en  fonction 
des  appreciations  des  manipulateurs  (pegositf),  des  correlations  seront  etablies  avec  des  tests 
mecaniques. 

3.  COHTROLE  NON  DESTRUCTIF  DES  STRUCTUKES 


3. 1 Politique  adopt6e  pour  le  controle  des  propulseurs  bobines  en  fibre  de  verre 

Le  caractire  particulier  de  la  production  de  structures  de  hautes  performances  mecaniques 
de  haut  niveau  de  fiabilite,  nous  a conduits  E un  systeme  de  contrSle  base  sur  1 'investigation 
unitaire  et  non  destructive  associee  E des  caispagnes  de  dissection  operEes  sur  das  structures 
preievEes  dans  la  sErie. 

II  y a lieu  de  distinguer  deux  types  de  controle  de  ces  structures  : 

- celui  de  la  resistance  mEcanique  de  la  coque  E la  press ion  interne  de  meme  que  celle  des 
liaisons  collEes  des  piSces  rapportEes, 

- celui  de  la  conformitE  fonctionnelle  de  certaines  liaisons  telles  que  celles  des  garnissages 
internes. 

La  nature  du  matEriau  composite  E base  de  fibre  de  verre,  sensible  au  vieillissement 
humide  et  la  definition  des  structures  prEsentant  de  nombreuses  ouvertures  dans  un  fond 
excluaient  la  pratique  du  timbrage  garantisssnt  habitue llement  les  coques  ayant  E rEsister  E la 
pression  interne.  En  effet,  dEs  la  premiEre  oise  en  pression,  la  matrice  Epoxy  d'enrobage  des 
fibres  se  craquEle  et  ne  joue  plus,  au  cours  du  stockage  de  I'engin,  son  role  protecteur 
vis-E-vis  des  agents  extErieurs.  II  faut  done  accEder  E I'assurance  de  la  qualitE  et  de  la  fia- 
bilitE  de  ces  structures  par  le  biais  d'une  auscultation  aussi  poussEe  que  possible  pour  qu'elle 
puisse  E coup  sur  rEvEler  la  prEsence  des  dEfauts.  Dans  cette  optique,  nous  nous  sommes  limitEs 
E la  detection  des  separations  interlaminaires  considErEes  dans  les  structures  stratifiEes  comme 
dEfauts  majeurs. 

Le  processus  consists  done  en  une  investigation  globale  et  non  destructive  de  1 'ensemble 
de  la  coque  rEsistanta  et  de  ses  points  d'attache,  suivie  d'une  caractErisation  fine  des  anosia- 
lies  dEtectEes  (nature,  importance  et  position)  afin  de  pouvoir  statuer  sur  les  consEquences 
encourues  pour  la  sEcuritE  de  la  piSce  et  les  rEparations  Eventuelles. 

3.2  Moyens  mis  en  place 

Le  problEme  de  la  dEtection  des  dEfauts  interlaminaires  dans  des  matEriaux  isolants  Etait 
nouveau  puisqu'E  I'Epoque,  tout  I'arsenal  des  moyens  de  controle  Etait  conqu  pour  les  piEccs 
mEtalliques  et  basE  sur  leurs  propriEtEs  physiques  (conductivitE,  magnEtisme).  De  plus,  les 
dEfauts  rencontrEs  dans  les  mEtaux  (criques,  soufflures)  se  prEsentent  dans  les  trois  diswnsions 
par  rapport  au  volume  des  piEces  et  sont  done  plus  aptes  a Stre  vus  en  radiographie. 

Pour  la  dEtection  de  sEparationa  interlaminaires  dans  des  matEriaux  lamifiEa  isolants,  la 
thermographie  eat  certes  le  moyen  le  mieux  adaptE.  Elle  a le  gros  avantage  de  peraiettre  I'auscul- 
tation  globale  des  structures.  Elle  consiste  t utiliser  une  camEre  infra-rouge  capable  d'Etablir 
une  carte  de  rEpartition  des  tempEratures  d'un  objet  avec  une  bonne  prEcision  et  dans  diffErentes 
gaasaes  de  tempEratures.  Pour  nos  applications,  nous  utilisons  la  gamme  de  tempErature  de  I'embien- 
te  1 100*  C avec  une  prEcision  da  1/4*  C.  Le  procEdE  opEratoire  consiste  E chauffer  modErEment 
(70*  C)  la  paroi  interne  de  la  capacitE  par  une  circulation  d'air  chaud.  On  observe  E I'aide  de  la 
camEra  infra-rouge  la  paroi  externa.  Au  droit  d'une  sEparation  inter laminaire,  le  flux  de  chaleur 
ne  pouvant  s'Ecoulcr,  du  fait  de  la  discontinuitE,  le  thermogranne  traduira  localement  par  une 
variation  de  densitE  optique  I'Ecart  de  tempErature  rEsultant. 

Mais  las  interprEtations  da  la  thenaographie  se  ccopliquent  singuliErement  lorsque  lea 
parois  prEsentent  des  Evolutions  d'Epaisseur  ou  des  piEces  en  insert.  Ainsi,  pour  le  contrSle  des 
foods  avant  de  propulseurs  qui  prEsentent  des  variations  d'Epaisseurs  et  des  inserts  mEtalliques, 
il  a fallu  malgrE  la  manque  de  souplesse  de  ces  techniques  pour  nos  applications,  utiliser  les 
ultrasona  at  la  radiographie. 
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Lea  ultrasons  sont  Sgalement  aptes  8 la  detection  des  siparationa  intcrlaminairea  puisqu'ellea 
engendrent  des  reflexions  parasites  et  meme  I'extinction  tocale  du  signal  ultrasonore.  Mais,  dans 
les  gaames  de  frequences  couramnenc  utilisees  pour  les  mecaux,  les  aiateriaux  coisposites  sont  trSs 
vite  absorbants  en  fonction  de  I'epaisseur,  ce  qui  limite  les  cas  d'emploi. 

Depuia  quelques  annees,  des  appareils  basse  frequence  sont  apparus  sur  le  marche  tel  le 
"SONDICATOR".  Ils  sont  mieux  adaptes  aux  aiateriaux  cosqiosites  et  donnent  de  bons  rdsultats  sur  nos 
structures. 

Pour  la  detection  des  separations  inter laiainaires,  la  radiographie  est  mal  adaptee,  puisqu'elle 
est  sensible  aux  variations  de  quantite  de  oiatiire  ou  de  densite  qu'elle  traduit  en  densite  optique. 
Or,  dans  le  cas  de  la  separation  interlaminaire  traverses  perpendiculaireoient  par  le  faisceau  de 
rayons  X aucune  variation  de  matiSre  n'intervient  et  le  defaut  passe  inaperqu.  La  difficulte  a 
cependant  pu  etre  tournee  en  presentant  le  defaut  tangentiellement  & I'axe  du  faisceau  : c'est  la 
"radiographie  tangentielle"  des  coques  de  revolution  bobinees.  Cette  technique  a cependant  le  ddsa- 
vantage  d'etre  longue  et  conduit  i un  nombre  eieve  de  cliches  i interpreter.  Elle  necessite  egale- 
■ent  des  laoyens  de  haute  dnergie  coispte  tenu  des  dpaisseurs  importantes  & traverser  dans  le  sens 
tangential. 

Dana  la  phase  de  caracterisation  fine  des  anomalies  resultant  du  sondage  global  des  structures, 
les  ultrasons  et  la  radiographie  sont  les  methodes  que  nous  considdrons  conme  actuellement  les  plus 
efficaces.  La  thermographie  qui  permet  de  ddceler  la  prdsence  de  ddfauts  n'en  donne  pas  un  contour 
suffisasnent  prdcis,  surtour,  si  la  piSce  est  dpaisse.  Elle  ne  le  situe  dgalement  pas  dans  I'dpais- 
seur.  Nous  avons  done  coutu  ' d'utiliser  le  SONDICATOR  pour  determiner  avec  plus  de  precision 
les  contours  des  ddfauts  et  i.a  radiographie  tangentielle  pour  les  situer  en  profondeur. 

Thermographie,  ultrasons,  radiographie  basse  et  haute  tension  ont  dtd  regroupds  dans  une 
centrals  fonctionnelle  de  controls  non  destructif  dont  la  structure  a dtd  organiade  en  fonction 
de  la  garnse  de  controls  afin  de  minimiser  les  transferts  et  les  attentes  entre  chaque  operation. 

Des  sioyens  de  memorisation  des  informations  sont  dgalement  utilises  pour  accrottre  les  durdes  des 
interpretations  sans  grever  les  temps  d' imsobilisation  des  structures. 


Des  analyses  staclsttques  de  1 'exploitation  des  contrAles  dc  recette  de  deux  types  de 
propulaeurs  (I  et  II)  que  nous  avons  condensdes  dans  les  tableaux  n°  3 et  4 cl-aprds,  nous  tlrons 
les  enselgnements  sulvants  : 


- Tableau  n"  3 : 


COMTROLE  NON  DESTRUCTIF  - CARTER  TYPE  1 

lERE  PERIODE 

JUIN  67  A HARS  72 
(POUERERIE) 

2EME  PERIODE 

AVRIL  72  A IKCEMBRE  72 
(S.N.I.A.S) 

Nombre  de  structures  contrdldes 

77 

33 

Nombre  de  structures  sans  ddfauts 

36 

12 

Nombre  de  structures  avec  ddfauts  acceptdes 
sans  rdparation 

20 

9 

Nombre  de  structures  avec  ddfauts  acceptdes 
aprds  rdparation 

18 

9 

Nombre  de  structures  avec  ddfauts  rebutdes 

2 

0 

Nombre  de  types  de  ddfauts  

12 

10 

- Tableau  n"  4 : 


CONTROLE  NON  DESTRUCTIF  - CARTER  TYPE  2 

lERE  PERIODE 
JANV.72  A OCT.  73 

2EME  PERIODE 

OCT.  73  A JUIL.  74 

Nombre  de  structures  contrSldes 

44 

31 

Nombre  de  structures  sans  ddfauts 

33 

28 

Nombre  de  structures  avec  ddfauts  acceptdes 
sans  rdparation 

8 

1 

Nombre  de  structures  avec  ddfauts  acceptdes 
aprds  rdparation 

2 

1 

Nombre  de  structures  avec  ddfauts  rebutdes 

1 

1 

Nombre  de  types  de  ddfauts  

6 

4 

- en  premier  lieu,  I'appllcatlon  des  contrdles  a permls  d'dvlter  la  llvralson  de  structures  com- 
portant  des  ddfauts  majeurs  Invisibles  par  simple  Inspection  vlsuelle.  Sur  77  structures  du 
type  1,  contrSldes  dans  la  preralbre  pdrlode,  , prdsentant  des  ddfauts  ont  pu  alnsl  Ctre 
rdpardes  puis  acceptdes.  Deux  structures  Jugdes  non  rdparables  ont  dtd  rebutdes  et  ddroutdes 
de  letr  utilisation  opdratlonnelle  pour  (tre  affectdes  aux  dtudes  pour  analyses  et  expertises. 
Dans  la  leconde  pdrlode,  9 structures  ont  dtd  dgalement  rdpardes  puis  acceptdes. 

Pour  les  structures  du  type  2,  les  mimes  constatatlons  peuvent  Itre  dtablles. 

- en  second  lieu,  ces  statlstlques  axintrent  que  I'appllcatlon  du  contrdle  a contrlbud  I des  amd- 
lioratlons  de  la  qualltd  da  la  fabrication. 

Nous  constatons,  en  effat,  que  la  quantitd  des  ddfauts  at  leur  varidtd  dlstlnuent  d'une  pdrlode 
I 1 'autre  et  d'une  gdndration  d 'engine  I 1 'autre. 
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3.4  Perspectivea  d'avenir  du  contrSle  des  structures  bobinSea 

On  peuC  done  considSrer  que  le  systSme  actuellement  en  place  rdpond  aux  exigences  qul  ont  StS 
ddfinies  pour  les  propulseurs  actuellement  en  cours  de  production.  Cependant,  I'Svolution  normale 
de  la  technique,  I'apparition  des  matdriaux  nouveaux  comae  le  carbone  ou  le  Kevlar,  I'accroissement 
des  dimensions  des  structures,  nous  obligent  A reconsidSrer  la  question, 

L'accroissement  des  dimensions  des  structures  a,  en  effet,  des  consSquences  directes  sur  la 
radiographie  qui  ndeessitera  des  moyens  plus  puissants.  II  faudra  passer  des  Energies  de  400  KV 
i 10  MeV.  Par  ailleurs,  la  quantity  de  cliches  3 exploiter  sera  plus  £lev£e,  ce  qui  alourdira 
considSrablement  le  systSme  et  les  prix  de  revient. 

Si  I'utilisation  de  nouveaux  matdriaux  oaintenant  oioins  sensibles  aux  facteurs  de  vieillisseoient 
(rdsines  soup les,  fibre  Kevlar)  pennet  de  reconsidSrer  la  pratique  du  timbrage,  ce  dernier  ne  r£pond 
qu'3  I'aspect  fiabilitS  de  la  coque  rSsistante  du  propulseur.  II  faudra  malgrS  tout  assurer  la  quali- 
ty des  joints  fonctionnels  et  celle  des  liaisons  des  piSces  rapportSes.  II  faudra  faire  appel  de 
toute  faqon  aux  mSthodes  de  controle  non  destructif.  Ainsi,  nous  avons  poursuivi  nos  recherches  et 
prospections  vers  d'autres  techniques  telles  que  I'holographie  et  I'analyse  acoustique  avec  comae 
objectif  majeur  de  tenter  de  se  passer  au  aiaximum  de  la  radiographie  dans  la  phase  detection  des 
ddfauts. 

3.4.1  Point  sur  les  recherches  d’ application  de  I'holographie  au  contrSle  non  destructif 
des  capacitds  bobindesl 

L'dnorme  ddveloppement  constatd  ces  detniSres  anndes,  dans  le  domaine  de  la  technologie  des 
lasers,  notamment  du  point  de  vue  de  leur  puissance,  permet  aujourd'hui  d'envisager  le  contro- 
le industriel  de  piSces  de  rSvolution  de  grandes  dimensions. 

II  convient  de  mentionner  ici,  que  1' Industrie  adronautique  emploi  d£jA  I'holographie  pour 
des  controles  de  s£rie,  soit  d'£l£ments  panneaux  sandwich,  soit  de  pales  d'h£licopt£res. 
L'automobile  a fait  £galement  appel  A I'holographie  dans  le  cadre  des  £cudes  pour  r£soudre 
des  problAmes  de  vibration. 

Le  principe  du  controle  holographique  consiste  A utiliser  les  propri£t£s  de  la  lumiAre 
cohdrente  £mise  par  les  lasers  qui  peimettent,  par  superposition  de  deux  images  correspondent 
A deux  £tats  de  contraintes  diffdrents  d'une  piAce,  de  faire  apparattre,  sous  forme  de 
franges  d' interfdrence,  des  microddfonoations  parasites  lides  A la  prdsence  de  ddfauts. 

L'avantage  que  nous  voyons  A I'holographie  par  rapport  A la  themographie,  par  example, 
est  qu'elle  rend  compte  de  ddformations  relatives  aux  ddfauts  de  la  pidee  sous  charge.  Kile 
peut  done  rendre  compte  des  rdpartitions  de  contraintes  et  faciliter  ainsi,  les  ddcisions 
relatives  A la  fiabilitd. 

Les  possibilitds  expdrimentales  de  I'holographie  sont  assez  nombreuses  : 

- il  y a d'abord  plusieurs  types  de  sollicitations  possibles  (thermiques,  mdeaniques, 
statiques  ou  dynamiques). 

- il  y a dgalement  plusieurs  mdthodes  d' observation  : 

. en  temps  rdel, 

. en  double  exposition  ou  "franges  geldes", 

. en  temps  moyennd. 

Enfin,  11  existe  deux  families  de  lasers,  ceux  dont  I'dmission  est  continue  (A  la  longueur 
de  cohdrence  prds)  et,  ceux  dont  I'dmission  est  impulsive  mais  d'un  niveau  dnergdtique  consi- 
ddrable  par  rapport  aux  prdeddents  et  qui  permettent  I'holographie  en  milieu  perturbd. 

La  sensibilitd  de  la  mdthode  holographique  est  telle,  qu'avec  les  premiers  lasers  de  faible 
puissance  (quelques  mW),  il  fallait  expdriioenter  dans  des  conditions  d'isolement  sdvAres 
vis-A-vis  des  vibrations  car  les  temps  d'exposition  dtaient  trAs  longs. 

Les  premiers  travaux  rdalisds  sur  capacitds  maquettes  se  sont  trAs  vite  rdvdlds  encourageants  : 
la  plupart  des  ddfauts  ddtectds  par  les  autres  mdthodes  I'dtaient  dgalement  par  holographie. 
Actuellement,  ces  travaux  se  poursuivent  sur  des  structures  A grande  dchelle  et  nous  expdrimen- 
tons  dans  les  deux  voles  des  lasers  continus  de  forte  puissance  (4  A 10  H)  et  des  lasers 
A ddclencher.  Les  premiers  hologranmes  obtenus  dans  I'un  et  I'autre  cas  sont  de  qualitd 
dquivalente. 

Actuellement,  nous  somnes  en  droit  de  penser  que  I'holographie  associde  A la  thermographie 
devrait  permettre  de  se  passer  de  la  radiographie  en  tant  que  moyen  de  ddtection  de  ddfauts. 
Ceci  constituerait  pour  le  contrSle  des  liaisons  fonctionnelles,  un  allAgement  sensible. 

3.4.2  Point  de  nos  travaux  sur  I'analyse  acoustique. 


Les  dmissions  d'ondes  de  contrainte  dioanant  d'une  piAce  sous  charge  sont  caraetdristiquas 
de  la  structure  du  matdriau  la  constituent. 


w 


19-11 

Les  progrSs  rapides  rdalisds  en  dlectronique  permectent  de  collecter  cea  signaux  dans  des 
bandes  de  frequence  trSs  SlevSes,  de  les  trier,  les  mdmorlser,  les  compter  et  de  les  carac- 
tdriser  en  dnergie,  amplitude  et  frdquence. 

En  mdtallurgie,  I'analyse  acoustique  connatt  ddjd  des  applications,  notanment  pour  la 
surveillance  de  piSces  de  securitd  en  f onctionnement . On  salt  actuel lament,  ddtecter  et 
localiser  des  fissures  dans  des  metaux  et  suivre  leur  dvolution  en  cours  d'utilisation. 

Dans  le  domaine  des  structures  en  matdriaux  composites,  les  recherches  sont  bien  engagdes 
certaines  observations  et  interprdtations  sont  en  concordance  entre  plusieurs  laboratoires 
spdcialisds  dans  les  matdriaux  composites. 

Ainsi,  nos  travaux  relatifs  A I'dvaluation  par  dmission  acoustique  de  1 ' endonmagement  par 
vieillissement  de  capacitds  bobindes  rejoignent  certaines  observations  du  laboratoire  des 
Hines  de  Paris.  Notamsent,  au  sujet  de  I'effet  KAISER  sur  les  composites  endommagds. 

Les  relations  que  nous  venons  d' engager  avec  le  laboratoire  de  Lawrence  Livermore  ont  dtd 
dgalement  fructueuses  et  nous  encouragent  3 poursuivre  nos  recherches  dans  1' application  de 
I'analyse  acoustique  pour  I'dvaluation  prdvisionnelle  des  performances  des  capacitds  bobindes. 

II  a notanment  dtd  dtabli,  A partir  d'un  nombre  important  de  capacitds  timbrdes,  une  corrd- 
latlon  entre  la  quantitd  d'dmissions  et  le  niveau  de  performance  A rupture.  Plus  une  structu- 
re est  emissive,  moins  sa  performance  est  dlevde. 

On  voit  ainsi  qu'un  meilleur  parti  pourrait  etre  tird  des  dpreuves  de  timbrage  en  accddant 
A I'dvaluation  prdvisionnelle  de  la  fiabilitd  des  structures. 

Mais  pour  dtablir  des  criteres  d'acceptation  suff isanraent  fiables,  des  dtudes  fondamentales 
assocides  A de  nombreuses  expdrimentations  sur  maquettes  et  structures  rdelles  sont  encore 
ndcessaires. 

3.4.3  Exemple  de  projet  de  plan  de  controle  adaptd  A des  structures  de  grandes  dimensions. 

Dans  les  phases  de  ddveloppement  et  de  prdsdrie,  il  est  dvident  qu'un  maximum  d' informations 
doit  etre  collectd  et,  de  ce  fait,  toutes  les  mdthodes  devront  etre  utilisdes  en  parallAle. 

Ainsi,  on  confronterait  I'dpreuve  de  timbrage,  associde  A I'analyse  acoustique,  I'holographie 
et  la  mesure  de  ddplacements  de  points  reperes  de  la  capacitd  avec  1' investigation  classique 
A I'aide  des  moyens  non  destructifs,  ce  qui  permettrait  d'ajuster  dans  son  ddtail,  le  plan 
de  controle  destind  A la  sdrie. 

En  ce  qui  concerne  le  controle  des  structures  de  sdrie,  on  peut  en  tracer  les  grandes  lignes 
(voir  1 ' organigramse  n“  5 ci-contre)  : 

a)  la  garantie  en  recette  de  la  coque  rdsistante  pourrait  etre  acquise  par  I'dpreuve 
de  timbrage  associde  A : 

- I'analyse  acoustique, 

- I'holographie, 

- la  mesure  de  ddplacements  de  points  repAres  . 

Des  examens  C.N.D.  partiels  ou  complete  pourraient  etre  ddcidds  en  fonction  des  rdsultats 
obtenus. 

b)  1' assurance  de  la  qualitd  des  joints  fonctionnels  et  ceux  des  piAces  de  liaisons  rappor- 
tdes  par  collage  serait  obtenue  pour  la  pratique  du  C.N.D.  dont  il  convient  de  rechercher 
les  moyens  les  mieux  adaptds  permettant  1' investigation  globale  conme  la  thermographie  ou 
I'holographie  en  dvitant  le  plus  possible  la  radiographie  et  les  ultrasons  uniquement 
consacrds  A I'analyse  et  la  caractdrisation  des  ddfauts. 

c)  Pdriodiquement  A une  frdquence  ddduite  de  considdrations  de  fiabilitd  et  de  prix  de  revient 
nous  estimons  qu'il  serait  ndanmoins  ndcessaire  de  poursuivre  les  controles  analytiques 
destructifs  (essai  hydraulique  A rupture  dissection  vieillissement)  afin  de  pouvoir  juger 
directement  de  I'dvolution  de  la  qualitd  de  la  fabrication. 

Avant  ces  expertises,  la  structure  ferait  I'objet  d'une  procddure  de  recette  dlargie 
en  lui  imposant  1* investigation  complAte  du  contrSle  non  destructif. 
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4.  CONCLUSION 

Depuis  une  douzaiae  d'annSes,  un  long  parcours  a etS  rfalis^  dans  le  domaine  des  controles 
industrials  des  materiaux  composites  at  des  structures  en  d£coulant.  Dans  le  cadre  trSs  exigeant  des 
engins  spaciaux,  le  systSme  actuellement  mis  en  place  i la  S.N.I.A.S.  donne  satisfaction  pour  les 
structures  en  cours  de  fabrication.  Notons*  A ce  sujet  que,  jusqu'A  present,  aucun  incident  de  vol  n*a 
pu  etre  ii^utS  A une  difaillance  de  nos  structures. 

L'Svolution  de  la  technique.  I'utilisation  de  nouveau  matSriaux,  les  definitions  plus  auda- 
cieuses  des  engins  nous  obligent  i poursuivre  nos  recherches  sur  1* assurance  de  la  qualitS  et  de  la 
fiabilite  en  veillant  cependant  i I'aUSgement  des  operations  de  controle  en  introduisant  des  moyens 
mieux  adaptes  et  par  la  gestion  statistique  de  la  qualite. 
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DETECTION  OF  FLAWS  IN  METALLIC  AND  NON-METALLIC  COMPOSITE  STRUCTURES  USING  LIQUID  CRYSTAL  TECHNOLOGY 

Shelba  Proffitt  Brown 

Advanced  Systems  Development  and  Manufacturing  Technology  Directorate 
Engineering  Laboratory 
US  Missile  Research  and  Development  Conmand 
Redstone  Arsenal,  Alabama  35809 
USA 

This  paper  discusses  the  nature  of  liquid  crystals  and  their  application  to 
non-destructive  testing  of  composite  structures.  Experimental  techniques 
using  brush-on  liquid  crystals  and  custom  liquid  crystal  films  Is  Illustrated 
and  discussed.  The  types  of  metallic  and  non-metalllc  composites  that  have 
been  successfully  tested  using  this  technique  are:  (1)  Aluminum  skins  and 
aluminum  honeycomb  core,  (2)  Aluminum  skins  and  high  temperature  phenolic 
core,  (3)  Alunlnum  skins  with  Mylar  core,  (4)  Glass  cloth  skins  with  glass 
fiber  honeycomb  core,  (5)  Titanium  skins  with  alunlnum  honeycomb  core,  (6) 

Titanium  skins  with  high  temperature  phenolic  core,  and  (7)  Glass  cloth 
laminates.  This  technique  accurately  and  reliability  defines  the  size  and 
shape  of  material  defects.  Non-destructive  tests  based  upon  liquid  crystal 
technology  have  been  demonstrated  with  hardware  such  as  missile  wings  and 
elevens,  aircraft  and  helicopter  blades,  composite  body  structures,  and 
numerous  types  of  electronic  equipment.  This  new  non-destructive  testing 
technique  Is  relatively  Inexpensive,  easy  to  utilize  and  Interpret,  and 
completely  reliable.  L.  C.  technology  will  play,  a significant  role  In  future 
cost-savings  and  reliability  of  flight  hardware. 


Using  the  unusual  optical  properties  of  cholesteric  liquid  crystals,  the  US  Army  Missile  Research  and 
Development  Command,  Redstone  Arsenal,  AL,  has  developed  a new  method  for  non-destructive  testing  of  compo- 
site materials.  This  technique  can  also  be  used  for  non-destructive  Investigation  of  laminated  structures, 
printed  circuit  boards,  and  other  electronic  components.  Although  the  potential  of  liquid  crystals  for 
non-destructive  testing  applications  has  long  been  recognized,  difficulties  In  handling  them  have  limited 
their  use.  These  problems  have  been  overcome  by  encapsulating  the  crystals  and  Impregnating  them  onto 
cheap,  reuseable  films.  In  comparison  to  other  NDT  methods,  this  technique  Is  simple,  reliable,  and  offers 
the  potential  of  significant  savings  In  time  and  cost. 

This  paper  describes  research  and  development  efforts  related  to  the  new  technique.  More  specifically. 
It  describes  the  development  of  liquid  crystals;  discusses  MIRADCOM's  adaptation  of  the  unusual  thermosensl- 
tlve  optical  properties  of  cholesteric  liquid  crystals  to  non-destructive  testing;  describes  the  development 
of  manufacturing  techniques  necessary  to  encapsulate  and  Impregnate  those  compounds  onto  cheap  reuseable 
films;  and  discusses  potential  applications  of  this  technology. 

BACKGROUND 

Frederick  Relnitzer,  an  Austrian  botanist,  discovered  the  Intriguing  and  confusing  phenomen  known  as 
the  liquid  crystalline  state  In  1888.  Relnitzer  heated  cholesteryl  benzoate  and  observed  what  appeared  to 
be  two  melting  points.  At  145  C the  solid  structure  collapsed  to  form  a turbid  liquid,  which,  on  further 
heating,  became  transparent  at  179  C.  This  Imtermedlate  mesomorphic  phase  became  known  as  the  liquid  crys- 
talline state. 

Liquid  crystals  are  compounds  that  go  through  a transition  phase  that  Is  Intermediate  between  a solid 
and  a liquid.  A crystalline  solid  possesses  definite  volume  and  shape.  Its  molecules  are  arranged  In  def- 
inite geometrical  configurations.  The  liquid  state,  on  the  other  hand.  Is  characterized  by  molecular 
mobility  In  three  directions  and  a total  lack  of  molecular  orientation.  Between  these  two  clearly  defined 
states,  there  are  some  crystalline  organic  substances  that,  over  clearly  defined  temperature  ranges,  appear 
to  possess  the  flow  characteristics  of  a liquid  while  retaining  much  of  the  molecular  orientation  of  the 
crystalline  solid.  This  Is  the  liquid-crystal  state  first  observed  by  Relnitzer.  The  relationship  between 
these  three  states  Is  Illustrated  In  Figure  1.  These  phase  changes  are,  of  course,  reversible.  As  the 
true  liquid  cools.  It  passes  once  again  through  the  liquid-crystal  state  before  crystallizing  Into  a true 
solid. 

Liquid  crystals  are  not  as  extraordinary  as  one  might  suppose.  It  Is  estimated  that  approximately  one 
In  every  200  organic  compounds  passes  through  this  phase.  The  unique  physical  and  chemical  properties  of 
liquid  crystals,  together  with  their  wide  occurrence  In  both  Inanimate  and  animate  matter,  make  them  valu- 
able to  chemists,  biologists,  physicists,  and  medical  scientists. 

There  are  commonly  three  designations  of  liquid  crystals:  smectic,  nematic  and  cholestric,  these  are 
Illustrated  In  Figure  2.  In  the  smectic  configuration,  molecules  are  oriented  parallel  to  each  other  In 
well-defined  planes,  somewhat  like  successive  layers  of  honeycomb.  In  the  nematic  configuration,  the  mole- 
cules are  also  parallel,  but  they  do  not  exhibit  planar  cohesion.  The  cholesteric  state  Is  similar  to  the 
nematic,  but  the  molecules  are  helically  displaced  to  a slight  degree.  A stack  of  library  cards,  each  with 
one  corner  bent-up  has  been  used  as  a modle  to  Illustrate  the  displacement  or  overall  configuration  of  this 
state.  Since  the  derivatives  of  cholesteral,  principally  the  esters,  are  Important  representatives  of  this 
configuration,  the  name  "Cholesteric"  has  been  given  to  the  entire  class.  Pure  cholesteral,  shown  In  Figure 
3,  Is  the  steroid  that  Is  blamed  with  so  many  of  our  circulatory  Illnesses  today,  but  does  not  Itself  act  as 
a liquid  crystal.  Only  Its  derivltives  possess  the  unique  optical  properties  applicable  to  the  field  of 
non-destructive  testing. 

Cholesteric  esters,  as  represented  In  Figure  4,  exhibit  the  behavior  which  lends  their  name  to  this 
entire  class  of  liquid  crystals.  It  Is  this  cholesteric  crystalline  state  which  possesses  the  unique  op- 
tical properties  that  we  are  now  finding  applicable  In  the  field  of  non-destructive  bond  Inspection. 
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Figure  5 Illustrates  some  of  the  optical  consequences  of  the  molecular  order  of  cholesteric  crystals. 

1.  BIREFRINGENCE  - Birefringent  materials  transmit  light  waves  at  different  velocities  In  different 
directions  through  the  material.  All  liquid  crystals  Including  the  nematic  and  smectic  states,  have  this 
facility. 

2.  OPTICAL  ROTATION  - Optical  rotation  of  polarized  light  occurs  only  In  the  cholesteric  state.  Cho- 
lesteric crystals  are,  ^n  this  respect,  the  most  optically  active  substances  known,  since  they  rotate  light 
through  an  angle  several  hundred  times  that  of  the  usual  optically  active  materials. 

3.  SCATTERING  OF  WHITE  LIGHT  - White  light  Is  scattered  to  reflect  different  wavelengths,  giving  Iri- 
descent colors.  Colors  observed  are  a function  of  the  specific  cholesteric  substance,  the  angle  of  reflec- 
ted and  Incident  radiation,  and  the  temperature.  This  property  allows  the  utilization  of  cholesteric  crystals 
In  visual  Inspection  techniques.  These  materials  are  generally  colorless  on  each  side  of  the  liquid-crystal 
state  — colorless,  that  Is,  In  the  true  solid  and  the  ultimate  true  I'ould  phase.  Each  cholesteric  liquid 
crystal  responds  In  Its  own  way  to  changes  In  temperature.  The  change  may  be  only  from  red  to  green,  or 

from  red  through  the  entire  color  spectrin,  or  from  green  to  blue.  The  Important  characteristic  1s  that 
each  color  corresponds  to  an  exact  temperature  of  the  material  being  tested. 

The  unique  properties  of  liquid  crystals  that  make  them  valuable  non-destructive  testing  tools  are 
their  sensitivity  to  thermal  changes  and  their  ability  to  respond  to  chemical  Impurities.  Since  liquid 
crystals  reflect  colors  determined  by  the  temperature  of  their  environment,  they  may  be  used  to  project  a 
visual,  color  picture  of  the  transient  temperature  anomalies,  or  minute  thermal  gradients,  associated  with 
material  discontinuities.  These  discontinuities,  which  may  be  failed  bonds,  cracks,  or  other  defect  areas 
Impede  the  flow  of  heat  sufficiently  to  disturb  the  normal  temperature  patterns  of  a material  being  tested. 

The  defects  will  show  up  as  distinct  color  patterns,  because  of  their  Impaired  thermal  transmission  char- 
acteristics. This  Is  Illustrated  1n  Figure  6.  In  like  manner,  color  response  to  chemical  environment  may 
be  used  for  detection  of  flaws  by  Interaction  of  the  liquid  crystals  with  chemical  Impurities  concentrated 
In  the  defect  area. 

As  stated  previously,  the  Iridescent  colors  of  liquid  crystals  arise  from  light  reflectance.  For  most 
effective  observation  It  Is  necessary  to  have  a dark  background,  normally  prepared  by  using  a water-soluble 
black  paint. 

We  began  our  development  of  liquid  crystal  systems  for  debond  detection  with  evaluation  of  the  commer- 
cial materials  available  to  us.  These  cholesteric  compounds  and  mixtures  of  compounds  exhibit  color  sensi- 
tivities over  ranges  as  small  as  one  degree  centigrade,  or  as  large  as  30  degrees.  A sensitivity  range  of 
one  degree  Is  sufficient  to  define  defects  In  composite  materials  with  aluminum  skin  thicknesses  of  20  MILS 
or  less.  Our  specific  requirements,  however,  are  for  nondestructive  Inspection  of  composite  structures 
with  aluminum  skins  as  thick  as  60  MILS.  For  this  purpose,  liquid  crystal  mixtures  with  sensitivity  ranges 
of  much  less  than  one  degree  are  required.  Our  approach  was  to  blend  available  cholesteric  esters  to  achieve 
Increased  temperature  sensitivities. 

Figure  7 Illustrates  the  light  reflectance  of  individual  cholesteric  esters  as  a function  of  their 
structure.  The  ranges  of  colors  observed  during  a heating  or  cooling  cycle  are  plotted  against  the  number 
of  carbon  atoms  In  the  acid  group  of  cholesteric  esters.  Starting  with  the  first  position  on  the  graph, 
neither  the  formic  nor  the  acetic  esters  showed  any  color  when  heated  through  the  liquid  crystal  state, 
whereas  the  propionic  ester  goes  through  the  entire  color  spectrum.  Evaluation  of  esters  through  the  18 
carbon  add  revealed  no  pattern  to  the  color  changes. 

Figure  8 shows  the  observed  color  change  range  as  a function  of  cholesteric  ester  structure.  The  color 
change  amplitude  of  the  ester  of  the  three  carbon  acid  Is  35  degrees,  and  that  for  the  18  carbon  acid  Is 
approximately  three  degrees.  Obviously,  blended  mixtures  are  required  to  achieve  the  sensitivities  desired. 

Figure  9 shows  the  color  behavior  of  blends  of  cholesteric  pelargonate  with  cholesteryl  butyrate.  The 
compositions  of  the  Individual  blends  are  plotted  against  the  color  change  range.  Pure  cholesteryl  pelar- 
gonate, on  the  left,  has  a color  change  diversity  of  15  degrees.  When  5 percent  cholesteryl  butyrate  Is 
added,  the  range  becomes  one  degree  centigrade.  Likewise,  cholesteryl  butyrate,  on  the  right,  shows  a dec- 
reased range  when  blended  with  5 percent  cholesteryl  pelargonate.  From  this  chart,  1t  1s  evident  that  one 
material  blended  with  a relatively  small  amount  of  a second  material  produces  the  most  pronounced  decrease 
In  color  change  range.  Using  the  same  approach  on  other  materials,  we  have  developed  blends  which  go  through 
the  entire  spectrum  of  colors  In  0.1  centigrade  or  less. 

A blend  was  applied  to  composite  panels  with  three  types  of  debond  simulations.  In  the  first  Instance 
a teflon  Insert  was  Incorporated  between  the  skin  and  the  adhesive.  This  Is  a fair  simulation  of  such  common 
bonding  errors  as  oil  on  the  Inner  surface  of  the  skin.  Of  synthetic  debonds  that  we  have  tried,  we  have 
found  the  teflon  Insert  to  be  the  most  difficult  to  detect.  For  this  reason,  all  promising  systems  we-e 
first  evaluated  on  panels  with  teflon  Inserts.  The  second  simulation  was  crushed  core  which  gives  the  most 
sharply  defined  outline  of  the  defect.  The  last  simulation  checked  the  effect  of  precured  adhesive.  This 
gave  an  equally  well-defined  defect  outline. 

The  best  blends  work  equally  well  on  comooslte  structures  with  skin  thicknesses  of  20  MILS  (Figure  10), 

60  MILS  (Figure  11),  or  190  MILS  (Figure  12).  The  minimum  defect  definable  In  structures  with  skin  thick- 
nesses of  60  MILS  Is  one  crushed  honeycomb  cell  (a  1/16  Inch  hexagon),  and  In  composites  with  190  MIL  skins, 
the  minimum  detectable  defect  Is  1 square  Inch. 

The  following  composite  structures  have  been  Investigated  with  equal  success: 

i1)  Aluminum  skins  with  high  temperature  phenolic  (HRP)  honeycomb  core. 

2)  Glass  cloth  skins  with  glass  fiber  honeycomb  core. 

3)  Titanium  skins  with  aluninum  honeycomb  core. 

4)  Titanium  skins  with  HRP  honeycomb  core. 

5)  Glass  cloth  laminates 
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In  the  course  of  this  work,  we  have  found  that  Incandescent  lighting  Is  best  suited  for  these  observa- 
tions, although  fluorescent  lighting  Is  adequate.  We  have  also  found  that  temperature  control  Is  best 
achieved  with  simultaneous  heating  and  cooling.  For  example,  a test  panel  Is  heated  on  one  side  and  cooled 
on  the  other.  Figures  13,  14,  and  15  show  the  color  sequences  observed  during  the  heating  of  one  crystal 
system  through  Its  liquid  crystal  state.  Notice  that  the  defect  pattern  remains  unaltered  except  for  color 
changes. 

Figure  IS  shows  testing  of  a missile  wing,  which  Is  a composite  structure  of  aluminum  honeycomb  sand- 
wiched between  60  MIL  aluminum  skins.  The  defective  area  Is  clearly  observable  as  an  Isolated  color  pattern. 
It  was  felt  that  thermal  conversion  of  mechanical  energy  during  deformation  could  be  detected  and  visualized 
with  the  aid  of  liquid  crystals  In  a manner  leading  to  Increased  understanding  of  flow  and  fracture  proc- 
esses. 

Figure  17  shows  an  aluminum  doqbone  sample  being  pulled  on  an  Instron  tester.  The  center  color  Indi- 
cates a warmer  area  - or  the  area  of  concentrated  stress.  Studies  of  this  type  might  help  In  analysis  of 
phenomena  such  as  nonhomogeneous  plastic  flow:  Location  of  slip  and  slip  saturation  during  fatigue;  and 
fatigue  crack  Initiation  and  growth  characteristics.  In  this  test,  plastic  flow  of  samples  was  marked  by 
local  temperature  Increases  before  necking  of  the  specimen  bacame  visible. 

Figure  18  shows  an  aluminum  rod  being  subjected  to  stress  on  a rotary  beam  fatigue  tester.  The  necked- 
down  center  area  Is  purple.  This  Indicates  the  warmest  temperature  for  this  section  of  the  rod.  The  ends  of 
the  rod  are  cooler,  as  Indicated  by  colors  corresponding  to  lower  temperatures. 

Figure  19  shows  a series  of  4 resistors.  The  black  one  did  not  heat  up  when  current  was  applied  and 
therefore  Is  defective.  "HOT  SPOTS"  caused  by  poor  connections  can  be  pinpointed  by  Isolated  color  patterns. 
Crystals  with  a permanent  color  change,  called  memory  crystals,  might  prove  to  be  more  practical  for  hot 
spot  detection. 

Figures  20  and  21  show  the  fuel  support  panel  of  a helicopter  being  Investigated.  This  helicopter 
has  been  used  to  launch  missiles  In  battlefield  conditions.  The  reddish-brown  areas  are  the  unbonded  areas 
that  resulted  from  shock  waves. 

In  order  to  simplify  the  use  of  liquid  crystals  for  NOT,  MIRADCOM  developed  a process  for  encapsulating 
the  crystals  and  Impregnating  them  onto  reuseable  films.  These  films  are  manufactured  In  rolls  that  are  1500 
feet  long  and  3 feet  wide.  They  are  prepared  by  encapsulating  the  liquid  crystals  In  a polyurethane  matrix, 
and  laminating  them  between  polyester  films  — one  of  which  Is  transparent  and  the  other  has  a black  coat- 
ing on  the  back  of  It.  The  resultant  laminate  provides  an  even.  Intense  color  display  between  71.5  C and 

72.1  C. 

We  have  found  the  vacuum  bag  technique  (Illustrated  In  Figure  22)  to  be  the  most  efficient  way  to  use 
these  films.  This  process  allows  the  films  to  conform  to  almost  any  Irregular  shape  and  of  course,  they 

are  reuseable.  We  plan  to  explore  the  possibility  of  using  the  film  Itself  as  the  vacuum  bag.  This  tech- 

nology has  been  applied  to  upgrading  weapon  systems  component  reliability.  Non-destructive  tests  based 
upon  liquid  crystal  technology  have  been  demonstrated  with  hardware  such  as  missile  wings  and  elevens,  air- 
craft and  helicopter  blades,  helicopter  composite  body  structures,  and  numerous  types  of  electronic  equip- 
ment. Other  applications  Include  checking  of  special  Insulation  required  to  prevent  contact  of  dissimilar 
materials  and  bonding  of  solid  propellant  to  metal  or  fiberglass  cases. 

In  suimiary  the  establishment  of  a manufacturing  technique  for  producing  these  new  films  will  permit 
the  development  of  a new  non-destructive  testing  technology  that  will  play  a significant  role  In  the  future 
reliability  of  defense  hardware.  He  believe  that  the  liquid  crystal  systems  are  the  simplest  most  reliable, 
and  most  economic  method  for  evaluating  bond  defects  In  metallic  and  nonmetalllc  composite  structures. 


T 


204 


CRYSTALLINE  SOLID 


LIQUID 


TEMPERATURE 


CRYSTALLINE  SOLID 


UQUID  CRYSTAL 
OR 

MESOMORPHIC  STATE 


LIQUID 


Fig.  1 Temperature  dependence  of  liquid  crystal  state 
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Fig.  2 Gasses  of  liquid  crystals 
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Fig. 5 Optical  consequences  of  molecular  order  in  cholesteric  crystals 
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Fig. 7 Observed  light  reflectance  as  a function  of  cholesteric  ester  structure 


Fig.8  Observed  color  change  range  as  a function  of  cholesteric  ester  structure 
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SESSION  III 
Part  2:  Applications 
Rapporteur’s  Report 

by 

H.Schnell 

VFW-Fokker 

Bremen-Germany 

The  second  part  of  Session  III  is  titled  Applications  of  Non  Destructive  inspection  Methods  in  the  Field  of 
Composite  Materials  and  Structures.  Part  one  of  this  session  has  already  shown  some  application  aspects.  The  general 
discussion  today  and  yesterday  afternoon,  I believe,  has  covered  a wide  range  of  NDI  techniques  as  well  as  the  potential 
applications  in  this  field. 

The  papers  presented  this  morning  are  also  dealing  with  both  topics:  the  NDI-techniques  and  the  application  of  NDI 
methods.  Therefore  it  may  be  allowed  to  give  only  very  brief  conclusions  of  the  papers  out  of  my  view  and  then  to  con- 
centrate on  such  items  not  yet  discussed. 

In  the  paper  presented  by  Mr  Treca  it  was  given  a status  report  and  an  evaluation  outlook  of  quality  control  techno- 
logies for  composite  material  structures  in  France.  It  was  pointed  out,  that  the  efficiency  of  both  the  sonic  and  ultrasonic 
methods  used  up  to  now  for  the  inspection  of  bonded  structures  is  limited.  Test  results  obtained  in  the  laboratory  give 
the  confidence  that  the  ultrasonic  immersion  technique  and  the  holographic  interferometry  are  the  methods  working 
sufficiently  in  the  future. 

In  the  second  paper  presented  by  Mr  Maigret  it  was  shown  what  practice  is  used  at  this  time  to  guarantee  the 
reliability  of  filament  wound  structures.  For  the  acceptance  testing  of  the  raw  material  as  well  as  for  the  non  destructive 
testing  of  semi  finished  parts  and  complete  structures  the  present  status  was  described  and  the  way  we  have  to  go  if  we 
want  to  improve  the  inspection  testing  was  ponted  out.  The  efforts  have  to  be  directed  to  the  automation  and  data 
processing,  to  the  introduction  of  holographic  and  acoustic  emission  methods  and  to  the  improvement  of  physical  and 
chemical  test  methods  for  a better  understanding  of  the  time  behaviour  of  the  matrix  resin. 

In  the  last  paper  presented  by  Mrs  Brown  the  nature  of  liquid  crystals  was  defined  and  discussed  and  also  it  was 
shown  how  we  have  to  use  these  crystals  in  the  field  of  non  destructive  testing  of  composite  structures.  Two  different 
techniques  in  using  the  crystals  are  described:  the  liquid  brush  on  condition  and  the  solid  state  in  a film.  The  results 
obtained  by  testing  several  kinds  of  sandwich  structures  and  complete  composite  structures  were  presented.  It  was 
pointed  out,  that  this  non  destructive  testing  technique  is  relatively  inexpensive,  easy  to  utilize  and  interpret  and 
completely  reliable. 

Now,  as  mentioned  before,  I would  like  to  pick  out  some  important  topics  we  have  not  discussed  yet.  At  first  in  my 
opinion  the  acceptance  testing  of  the  raw  material  is  one  essential  point  we  have  to  look  at.  Due  to  the  fact  that  we 
cannot  improve  a composite  part  by  means  of  NDI  we  have  to  assure  that  the  material  we  use  in  the  fabrication  process  is 
in  such  a condition  and  of  such  a quality  that  we  could  expect  a structure  without  any  faults. 

As  far  as  I know  the  acceptance  testing  today  usually  is  carried  out  by  means  of  destructive  testing  and  visual  inspec- 
tion. I think  it  should  be  discussed  later  on  what  kind  of  experiences  there  are  in  following  the  way  pointed  out  by 
Mr  Maigret,  that  means  using  special  physical  and  chemical  methods  such  as  infrared  spectrography,  micro-calorimetry 
etc.  in  this  particular  field.  This  discussion  should  also  be  carried  out  under  the  aspect  of  costs  and  economy. 

Now  there  is  another  argument  in  the  papers  to  which  I would  like  to  give  some  comments. 

The  test  procedure  in  general  or  only  for  larger  composite  parts  using  a two  step  sequence  is  introduced.  That 
means,  first  global  detection  by  infrared  thermography  followed  by  individual  defect  determination  with  ultrasonics  and 
other  methods. 


Now,  we  have  heard  a lot  about  test  methods  and  what  flaws  are  possibly  detected.  As  a result  there  is  no  NDI 
method  able  to  work  sufficiently  in  the  first,  more  global,  test  step  in  case  of  general  application.  For  special  applications 
this  procedure  might  give  some  advantage  in  cutting  off  time  and  costs  but  we  have  to  take  care  that  the  method  used  for 
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the  more  global  testing  is  able  to  detect  those  types  of  flaws  reliably  you  have  to  find  depending  on  the  load  and  the 
shape  of  the  structure. 

My  question  is  now;  Which  method  the  holographic  interferometry,  the  thermography  by  using  an  infrared  camera 
or  by  means  of  liquid  crystals,  or  the  acoustic  emission  technique  is  the  best  for  a more  global  testing  depending  on  a 
special  kind  of  structure 

Are  there  some  more  examples  of  application? 

Now  I think  1 have  to  cut  my  report  to  give  space  for  the  general  discussion. 
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DISCUSSION  SUMMARY 
Session  III  — Part  2 


T.Keams  (US  — Session  Chairman) 

I would  like  to  refer  back  to  M.Maigret's  remarks  on  the  control  of  raw  materials.  When  we  describe  a metal  we  give 
its  chemical  composition  in  detail,  we  specify  what  trace  elements  may  be  present,  we  specify  the  grain  size,  we 
specify  the  mechanical  properties  and  finally  we  have  a reasonable  description  in  technical  terms  of  what  the  metal 
is.  When  we  describe  a resin  we  order  a gallon  of  Epon  888,  and  that  is  about  all  we  know  about  it.  In  fact  things 
are  worse  than  that,  because  that  is  all  the  manufacturer  knows  about  it  too.  He  knows  the  ingredients  and  he 
knows  what  he  did  with  them,  but  he  does  not  know  the  molecular  weight,  he  does  not  know  the  degree  of  poly- 
merisation and  he  does  not  know  the  state  of  bonding,  because  nobody  measures  these  things.  I would  therefore 
like  to  invite  comment  on  what  can  be  done  to  advance  our  capabilities  in  this  direction.  Perhaps  first  we  should 
answer  the  question  Can  we  tolerate  this  situation,  or  should  we  do  something  about  it?  If  we  have  to  do  something 
about  it,  what  should  we  do? 

J.P.Maigret  (FR) 

There  is  no  solution  to  this  problem  at  present.  We  have  conducted  studies  very  recently  in  connection  with  specific 
problems  but  1 am  afraid  that  they  will  not  have  a general  application.  We  must  think  in  terms  of  each  specific  case. 

C.P.Galotto  (IT) 

Although  I find  myself  surrounded  by  engineers  1 hope  1 may  be  allowed  to  quote  the  English  physicist  Faraday 
who  said  that  science  and  technology  can  be  either  mathematics  or  a collection  of  stamps. 

Some  methods  have  been  explained,  but  all  of  them  are  qualitative  and  not  quantitative,  in  other  words  they 
indicate  that  something  is  wrong  in  the  structure  but  in  most  cases  we  cannot  see  what  kind  of  a defect  or  how  big 
it  is.  1 know  technical  journals  describe  new  methods  which  will  have,  for  example,  automatic  counting  of  fringes 
in  holography;  I know  that  in  thermography  it  is  possible  to  put  numbers  to  the  intensity  of  the  various  colours. 

1 think  that  these  methods  are  some  of  the  major  items  to  which  we  should  pay  attention. 

One  point  which  has  not  been  made  very  clearly  is  that  in  NDl  we  always  feed  some  energy  into  the  specimen  and 
then  we  measure  another  form  of  energy  at  the  output.  We  need  to  collate  this  output  energy,  which  we  can 
measure,  with  the  microscopic  engineering  property  in  which  we  are  interested,  e.g.  corrosion,  creep  or  fatigue.  It 
is  not  very  clear  to  me  what  are  the  relationships  between  the  defects  which  are  detected  by  these  methods  and  the 
relevant  engineering  properties  in  which  we  are  interested. 

T.Keams  (US  — Session  Chairman) 

I plan  to  organise  the  discussion  in  two  sections,  firstly  on  the  characterisation  of  the  material,  and  secondly  on  the 
significance  of  defects.  Dr  Galotto  has  pointed  out  the  need  for  quantitative  measurements  in  relation  to  the  signifi- 
cance of  defects.  May  1 first  invite  comment  on  the  subject  of  characterisation,  that  is  to  say  how  are  we  to  describe 
the  materials  so  that  we  know  what  we  have  in  the  first  place? 

R.J.Schliekelmann  (NE) 

1 can  only  tell  you  what  we  do  for  the  incoming  inspection  and  evaluation  of  organic  materials.  One  very  effective 
method  is  the  automatic  torsion  pendulum  testing  of  samples.  We  adopt  a temperature  range  from  —60°  to  1 50°C, 
and  measure  automatically  the  change  in  shear  modulus  from  the  damping  of  a slowly  vibrating  pendulum.  We  have 
found  that  small  changes  in  the  matrix  resin  of  a prepreg  show  up  quite  well,  so  that  this  signature  of  shear  modulus 
and  damping  against  temperature  is  a very  good  system.  We  use  the  same  test  after  exposing  the  same  to  a period  at 
high  humidity,  and  if  the  material  is  not  up  to  standard,  the  location  of  the  damping  peak  changes  markedly  on  the 
temperature  scale.  In  addition  to  these  tests,  we  also  carry  out  infra-red  spectroscopy  which  again  helps  our 
evaluation.  The  third  test  we  make  on  an  incoming  prepreg  is  a viscosity  test  under  standard  conditions  to  see  how 
the  resin  flows  out.  Whilst  these  three  sets  of  information  do  not  completely  describe  the  material,  they  help  us  to 
get  an  idea  of  its  consistency. 

T.Keams  (US  - Session  Chairman) 

The  torsion  pendulum  appears  to  be  a sensitive  test,  but  it  is  nevertheless  one  in  which  you  are  measuring  mechanical 
properties.  In  the  flow  test  you  are  measuring  viscosity,  which  can  be  due  either  to  a uniform  concentration  of  a 
given  molecular  weight  ora  mixture  of  high  and  low  weights,  so  the  test  is  not  really  specific.  We  have  many  develop- 
ments of  spectroscopy,  including  the  use  of  infra-red  and  ultra-violet  rays,  providing  a large  number  of  potential 
test  methods  which  are  not  used  very  often.  Would  it  not  be  to  our  advantage  to  examine  the  usefulness  of  these 
different  test  methods  to  see  what  kind  of  signatures  they  give  us,  and  then  decide  which  one  might  constitute  a 
good  scientific  application  taking  economics  into  account? 
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P.R.Teagle  (UK) 

I am  a little  disturbed  at  the  impression  which  has  been  given  that  no  batch  testing  is  done,  particularly  in  the  USA. 
We  base  most  of  our  procedures  on  accepted  American  practice.  Both  mechanical  and  physical  tests  are  performed 
on  incoming  composite  materials,  and  1 would  not  like  to  detract  from  the  value  of  these  mechanical  tests.  In  addi- 
tion, all  incoming  resin  is  checked  by  thermal  analyser  techniques  so  that  we  measure  glass  transition  temperatures, 
degrees  of  cure  and  the  characteristics  of  the  cure  by  looking  at  endothermic  and  exothermic  reactions,  all  of  which 
are  carried  out  on  samples  of  the  resin  before  a batch  is  accepted.  Some  of  these  procedures  are  agreed  independently 
between  ourselves  and  the  suppliers,  whilst  others  are  included  in  a national  document  (NMS47)  which  was  drawn 
up  between  prepreg  manufacturers  and  users  in  the  UK.  There  is  of  course  scope  for  a great  imp'.ovement  in  the 
acceptance  tests  for  our  material,  but  it  is  by  no  means  in  the  state  which  has  just  been  described. 

G.Jube  (FR) 

1 do  not  think  the  (Thairman  gave  too  pessimistic  a veiw  of  the  situation;  he  has  pointed  out  a very  real  problem  by 
comparing  the  knowledge  we  have  of  metals  and  our  lack  of  knowledge  of  resins.  Following  what  M.Maigret  has 
said,  I feel  that  the  methods  which  make  it  possible  to  measure  indirectly  the  qualities  of  resins  are  very  expensive  in 
the  long  run.  This  situation  is  not  acceptable  in  France  at  present,  and  we  have  set  up  a committee  whose  task  it  is 
to  clarify  the  composition  of  resins.  The  conclusions  of  this  committee  will  probably  be  that  the  only  products  we 
shall  use  will  be  those  whose  contents  are  known. 

One  further  parameter  which  we  measure  is  tack.  Tack  is  a very  important  characteristic,  and  indeed  it  is  so  impor- 
tant that  we  are  surprised  it  is  not  the  subject  of  more  research.  Before  manufacture  we  estimate  the  voids  that  we 
shall  have,  since  the  less  tacky  the  material  the  more  voids  will  be  present  in  the  fmished  product.  It  would  be  more 
intelligent  for  everyone  to  take  these  measurements  of  tack  before  the  component  is  made,  so  as  to  avoid  scrapping 
parts  with  too  high  a void  content. 

At  present,  however,  the  measurement  of  tack  is  merely  subjective.  In  France  we  have  operators  with  a calibrated 
thumb,  and  they  apply  this  thumb  to  the  product  to  see  whether  it  is  good  or  not.  All  the  systems  that  we  are  aware 
of  for  the  measurement  to  tack  are  gadgets  and  not  scientific  instruments.  We  have  systems  pushing,  pulling, 
measuring  the  time  required  to  impregnate  the  fibre;  we  roll  a ball  to  determine  when  it  stops,  but  none  of  these  are 
a serious  scientific  approach,  and  we  would  like  scientists  to  develop  a method  for  measuring  tack  so  that  we  can 
know  exactly  what  happens  when  you  apply  your  thumb  to  the  product. 

J.Quinn  (UK) 

There  have  been  considerable  discussions  in  the  UK  on  the  drawing  up  of  a common  resin  specification  which  will 
lay  down  the  tests  which  are  felt  to  be  necessary  to  ensure  an  acceptable  matrix  resin  for  composites.  One  of  the 
difficulties  of  course  is  the  considerable  number  of  types  of  resin,  and  it  will  be  necessary  to  reduce  these  to  a much 
smaller  number.  There  would  naturally  be  some  resistance  from  the  resin  manufacturers,  who  are  always  trying 
to  develop  new  products,  but  obviously  there  will  have  to  be  a move  in  this  direction. 

T.Keams  (US  - Session  Chairman) 

As  technical  people,  we  should  not  have  to  decide  which  resin  we  are  going  to  use  in  order  to  make  a contribution  to 
our  knowledge  about  what  the  resin  is.  1 would  like  to  hear  the  reactions  of  the  audience  to  this  point.  Should  we 
tell  the  SMP  that  the  characterisation  of  resins  is  in  fact  a subject  which  needs  additional  attention,  and  that  they 
should  see  what  can  be  done  to  advance  our  state  of  knowledge?  On  the  contrary,  is  there  agreement  with  Mr  Teagle 
that  things  are  going  well  enough,  and  the  SMP  has  thus  no  contribution  to  make?  I am  sure  the  Panel  would 
appreciate  any  guidance  that  we  can  give  them  in  this  respect. 

P.R.Teagle  (UK) 

I cctainly  agree  that  Improvements  are  necessary.  I was  merely  stating  that  the  situation  is  nowhere  near  as  bad  as 
has  been  made  out.  I believe  that  the  SMP  are  aware  of  the  problem  of  standards,  both  of  materials  and  the  test 
procedures  required  to  define  these  materials.  It  must  be  pointed  out  that  lengthy  resin  evaluation  programmes  were 
undertaken  in  the  early  days  of  composite  development  to  determine  the  desirable  characteristics  of  resins,  and  these 
programmes  are  leading  on  to  the  standardisation  process. 

S. Hanagud  (US) 

I agree  with  the  (Thairman  that  there  is  a great  necessity  to  standardise  polymers.  My  own  experience  when  I first 
wished  to  buy  a resin  from  one  of  the  manufacturers  was  that  he  would  not  supply  the  resin  but  only  prepregged 
material.  When  I specifically  asked  for  the  resin,  he  would  only  supply  it  with  the  proviso  that  I would  not  make  a 
chemical  analysis.  We  would  like  to  buy  the  resin  from  those  people  who  will  allow  us  to  make  an  analysis.  In  metal 
structures  we  find  many  defects  which  can  cause  other  failures  like  embrittlement,  stress  corrosion  and  fatigue.  In 
the  same  way  we  do  not  know  what  we  are  likely  to  experience  in  composites  unless  we  start  by  knowing  the  charac- 
terisation of  the  resin. 

T. Keams  (US  - Session  Chairman) 

I suggest  we  now  move  to  the  subject  of  the  significance  of  defects.  Each  of  our  speakers  has  spoken  about  the 
process  they  use  to  reveal  “defects”,  but  I do  not  think  they  really  meant  defects;  what  they  meant  was 
“indications”,  since  a “defect”  is  a defect  only  if  it  is  important.  We  have  indications  of  all  sorts  when  we  examine 
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a composite  part,  but  how  do  we  know  whether  we  should  reject  the  part,  accept  it  or  fix  it?  In  metals  we  establish 
our  specifications  not  by  determining  what  defects  will  reduce  the  service  life  of  the  component,  but  by  seeing  that 
it  is  practical  and  economical  to  make  material  of  a particular  quality,  and  therefore  we  will  accept  nothing  less. 
With  composites,  although  we  get  indications,  we  still  have  a long  way  to  go  to  determine  which  indications  are 
serious  defects.  Are  there  any  comments  on  my  observations? 

GJube  (FR) 

I would  like  to  suggest  that  the  term  “destructive”  should  be  regarded  as  something  that  has  an  absolute  value. 
Although  we  are  talking  about  non-destructive  inspection,  we  must  consider  the  fact  that  destruction  of  a compo- 
nent is  also  necessary,  and  this  is  the  only  means  whereby  we  can  find  out  what  the  indications  mean.  This  is  a 
practice  which  we  have  adopted  from  the  earliest  days  of  bonded  metallic  components. 

We  originally  sacrificed  one  panel  out  of  every  10.  Although  we  gradually  reduced  this  frequency,  I would  like  to 
point  out  that  we  know  of  no  other  means  of  calibrating  the  indications  in  a quantitative  manner.  It  is  possible, 
with  the  help  of  experience,  to  take  into  account  variations  in  the  indications  which  reveal  a quantitative  difference 
which  can  be  linked  with  a destructive  effect.  We  must  remember  there  must  be  a co-ordination  of  systems  in 
serious  production,  and  it  would  not  be  prudent  to  rely  entirely  on  NDI.  Every  now  and  again  we  must  have 
recourse  to  the  dissection  of  a laminate,  cutting  it  up  into  small  pieces  and  studying  it  under  a magnifying  glass. 

C.P.Galotto  (IT) 

In  many  of  the  techniques  we  are  using  today  we  are  measuring  an  overall  factor  which  can  be  due  to  several  causes. 
When  we  measure  attentuation,  for  example,  any  variation  can  be  the  result  of  several  different  causes  which  we  do 
not  analyse  in  detail.  This  lack  of  information,  in  my  opnion,  accounts  for  the  fact  that  our  usual  procedure  is  to 
have  a destructive  test  once  in  every  10  or  50  components. 

T.Keams  (US  - Session  Chairman) 

Judging  from  what  the  last  two  speakers  have  said,  it  seems  that  there  is  a clearly  recognised  need  for  destructive 
testing  in  order  to  understand  the  significance  of  defects.  Our  general  conclusion  appears  to  be  that  this  kind  of 
testing  should  continue,  so  that  with  experience  we  will  build  up  sufficient  knowledge  to  be  able  to  see  what  is 
important  in  given  components. 

G.A.Darcy  (US) 

I agree  that  correlation  is  very  ncesssary,  otherwise  the  measurements  can  be  meaningless.  I would  like  to  suggest 
that  NDI  is  considered  earlier  in  the  manufacturing  cycle,  and  that  it  is  not  regarded  as  a negative  technique  looking 
for  flaws,  but  is  used  as  a monitor  of  incoming  materials  and  applied  in  such  a way  as  to  prevent  flaws  rather  than 
locate  them  when  they  happen. 
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Closing  Session 


W.G.Heath  (Meeting  Chairman) 

This  meeting,  as  its  title  implies,  has  brought  together  not  only  NDl  specialists  by  also  materials  producers  and  aero- 
space designers  to  establish  the  relationships  between  the  various  aspects  of  their  jobs.  One  of  the  tasks  of  AGARD 
is  to  find  gaps  in  our  knowledge  so  that  we  can  aim  research  in  the  right  direction;  as  this  meeting  has  proceeded  I 
have  been  trying  to  identify  those  areas  where  relationships  between  these  people  could  be  improved,  so  that  the 
SMP  might  have  some  guidance  for  directing  future  research.  I find  it  easiest  to  classify  these  areas  under  the 
headings  of  three  kinds  of  people;  NDl  specialists,  designers  and  material  producers.  There  is  one  other  group  of 
people  who  we  ought  to  interest  in  this  research,  because  during  the  meeting  a great  deal  has  been  said  about  the 
human  aspect  of  inspection,  and  the  only  specialists  who  can  help  are  psychologists. 

My  list  is  as  follows: 

1 . NDl  Specialists 

(a)  Identify  the  Gaps  and  Overlaps  in  the  Spectrum 

This  point  was  made  by  Mr  Schliekelmann  and  refers  to  the  spectrum  of  available  techniques.  There  are 
sources  of  energy  available  which  will  generate  waves  from  the  size  of  an  Angstrom  to  several  centimetres 
in  length,  and  we  need  to  know  where  these  sources  fit  on  the  spectrum  to  identify  the  gaps  and  overlaps. 

(b)  Quality  of  Bonds 

In  the  field  of  practical  applications,  the  quality  of  adhesive  bonds  was  mentioned  on  at  least  two 
occasions  as  a subject  of  great  importance.  We  can  readily  determine  if  a joint  is  stuck  or  unstuck,  but  we 
cannot  measure  the  degree  of  adhesion. 

(c)  Thick  Laminates 

During  the  composite  discussion,  it  was  clear  that  no  answer  was  forthcoming  to  the  question  How  do  we 
inspect  thick  (i.e.  of  the  order  of  SO  mm)  laminates? 

(d)  High  Cost  of  NDl  of  Composites 

When  comparing  the  total  price  of  a composite  component  against  that  of  an  orthodox  metallic  one, 
the  very  high  cost  of  the  NDl  of  composites  is  often  overlooked. 

2.  Designers 

(a)  Tell  the  Inspector  Where  to  Look 

This  plea  was  made  on  at  least  three  occasions  during  the  earlier  sessions.  When  the  inspector  knows 
where  to  look,  then  the  N JI  specialists  can  presumably  tell  him  how  to  look.  Knowing  where  to  look 
depends  very  much  on  how  representative  the  fatigue  test  has  been;  how  realistic  for  instance  was  the  load 
spectrum,  whether  the  test  has  been  continued  for  long  enough  to  develop  the  cracks  properly,  and  so  on. 

Under  this  heading  a plea  was  also  made  on  behalf  of  the  aircraft  users  for  better  accessibility  for  inspec- 
tion. 

(b)  Brittle  Materials 

Although  designers  have  traditionally  fought  shy  of  designing  in  brittle  materials,  some  NDl  specialists 
appear  to  be  prepared  to  guarantee  to  find  defects  before  they  can  reach  a critical  size. 

3.  Materials  Producers' 

(a)  Acceptance  Standards 

This  subject  could  also  be  written  as  the  question  What  is  a defect,  and  when  does  it  become  important? 

(b)  Characterisation  of  Resins 

This  subject  arose  during  the  discussions  on  composite  materials,  and  is  a long  standing  problem. 

4.  Psychologbts 

(a)  What  Makes  a Good  Inspector? 

This  question  was  asked  several  times  during  the  meeting  and  we  had  a very  interesting  discussion  on  the 
second  day  when  Dr  Jarfall  showed  how  different  inspectors  using  different  techniques  obtained  quite 
different  answers  from  the  same  set  of  cracked  specimens.  Mr  Bond  made  the  point  about  the  relation- 
ship between  educational  standard  and  the  likelihood  of  finding  failures,  whilst  Mr  Forney  presented  the 
analogy  of  the  fisherman  who  is  prepared  to  sit  by  the  water  all  day  but  expects  to  catch  nothing. 


(b)  Automation 

One  of  the  chief  human  problems  in  inspection  is  that  of  boredom.  The  question  of  whether  more 
automation  will  help  to  reduce  boredom,  or  whether  it  will  in  fact  increase  it,  is  one  which  could  also  be 
referred  to  the  psychologist  for  an  answer. 


I. N.Matay  (US) 

I would  like  to  recommend  another  heading  alongside  the  designer,  and  materials  producers  anil  tlu  nsychologist, 
and  that  is  the  users  of  the  aircraft. 

W.C. Heath  (Meeting  (Chairman) 

The  classification  of  research  areas  under  the  various  headings  should  not  be  regarded  as  too  rigid.  Whilst  I accept 
the  users  as  a further  group  of  people  who  should  be  included,  all  the  problems  we  have  discussed  are  interface 
problems,  the  responsibility  for  which  is  shared  by  all  the  groups  of  people. 

D.M.Forney  (US) 

I think  that  NDl  specialists  have  a poor  reputation  as  a technological  group.  Our  reputation  is  poor  with  the  user 
because  we  frequently  fail  to  give  him  the  confidence  he  needs.  We  fail  with  the  designer  because  he  feels  we  don’t 
know  what  we  are  talking  about,  and  very  often  he  is  right.  We  fail  with  the  materials  producer  because  we  cannot 
provide  him  with  sophisticated  means  to  characterise  his  materials.  1 think  that  we  will  continue  to  suffer  from  this 
bad  reputation  and  fail  to  make  an  impact  on  the  whole  situation  unless  we  do  a better  job  of  identifying  what  is 
our  role  as  an  integral  part  of  the  design,  manufacturing  and  management  scene. 

Our  role  with  the  designer  is  a different  one  than  with  the  manufacturer  or  with  the  user.  The  type  of  non- 
destructive testing  methods  we  would  use  might  be  quite  different  in  a manufacturing  situation  than  they  would  be 
in  the  user  situation,  and  we  have  got  to  recognize  that  difference.  I think  that  as  a team  of  people  we  have  to  get 
our  economics  right.  In  the  history  of  NDl  we  have  been  an  undesirable  addition  to  the  scheme  of  things,  but  I 
believe  that  there  are  many  cases  where  we  can  make  things  possiole  by  inspection  which  the  manufacturer  currently 
cannot  do.  I think  we  need  to  exploit  this  ability  and  communicate  it  to  the  designer  and  manufacturer. 

As  an  international  community,  we  must  establish  common  development  objectives.  We  must  focus  our  activities, 
we  must  share  our  data,  we  must  pool  our  resources  whether  they  be  money  or  knowledge.  We  need  to  reinforce 
one  another  to  increase  our  leverage  on  the  rest  of  the  scientific  community.  I really  think  that  the  time  has  gone 
when  we  can  have  a successful  development  programme  with  adequate  resources  where  we  deal  with  a scientific 
idea  the  application  of  which  we  have  not  yet  realised.  I believe  that  the  only  thing  which  will  gain  us  resources  to 
work  on  technolgical  improvements  Is  that  we  should  identify  the  problem  which  needs  us  and  then  put  together 
the  capability  to  solve  the  problem. 

Finally,  I want  to  make  the  point  that  talking  about  the  sensitivity  of  our  techniques  is  a good  academic  exercise, 
but  how  good  are  the  techniques  on  a day-to-day  basis  when  they  are  in  the  hands  of  our  ordinary  inspectors? 

R.J.Schliekelmann  (NE) 

I think  the  designer  who  is  used  to  metal  structures  expects  a composite  structure  to  behave  in  a similar  manner.  It 
is  very  important  that  much  more  emphasis  is  laid  on  the  viscoelastic  properties  of  non-metallic  structures.  One  big 
question  is  whether  the  fatigue  test  is  a good  guide  to  the  behaviour  of  a composite  structure  and  it  may  be  that 
flight  operation  in  many  parts  of  the  world  is  the  only  way  in  which  to  prove  the  serviceability  of  a composite 
component. 

J. Rowe  (UK) 

I would  like  to  make  a contentious  suggestion  that  a fatigue  test  is  an  admission  of  defeat  on  the  part  of  our 
designers.  The  very  fact  that  we  have  to  rely  on  the  fatigue  test  is  itself  an  admission  of  defeat,  as  is  our  having  to 
design  aircraft  from  the  point  of  view  of  inspectability.  I would  like  to  see  the  ultimate  aim  - perhaps  originating  at 
a very  high  level  - of  trying  to  eliminate  NDl  altogether. 

W.G.Heath  (Meeting  Chairman) 

We  must  now  express  our  thanks  to  all  the  people  who  have  made  this  meeting  the  success  I believe  it  has  been.  Firet 
of  all  we  must  thank  our  Norwegian  hosts  who  worked  so  hard  - some  of  them  were  working  to  the  very  last  minute 
building  this  platform.  We  have  had  excellent  facilities  throughout  the  meeting  and  we  must  not  forget  the  nameless 
people  who  provided  our  bodily  comforts  during  the  coffee  breaks. 

We  also  remember  Dr  Galotto  and  the  Conference  Committee  who  have  been  planning  this  meeting  for  the  past 
two  years.  I am  sure  you  will  agree  that  we  owe  our  thanks  for  all  the  hard  work  which  went  into  its  preparation. 

We  must  of  course  thank  the  authors  and  the  speakers.  We  have  heard  18  papers  from  7 countries,  and  I think  those 
numben  in  themselves  show  the  popularity  of  this  subject  throughout  the  western  world. 

We  also  thank  everyone  who  took  part  in  the  discussions,  and  I include  especially  those  who  had  thought  about  the 
meeting  beforehand  and  came  with  a prepared  discussion  in  their  briefcase.  This  meeting  attracted  over  100  people 
from  1 2 nations,  which  must  be  a record  in  itself. 
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The  meeting  was  divided  into  S separate  sessions,  each  with  its  own  Chairman  and  Rapporteur,  and  so  there  are  lO 
I further  people  to  whom  we  owe  our  thanks,  and  they  came  from  9 nations. 

Last  but  not  least  we  must  thank  our  technicians  and  interpreters,  without  whom  the  meeting  would  not  have  been 
possible. 
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